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The synovium is a specialized connective tissue that encapsulates diarthrodial joints like 
the knee, maintaining a low-friction environment for the articulating surfaces within. This tissue 
plays a key role in homeostasis by regulating solute transport in and out of the joint, and secreting 
lubricating factors into the synovial fluid. The predominant cell type in the synovium is the 
fibroblast-like synoviocyte (FLS), which resides on the intimal surface of the tissue and produces 
lubricating molecules such as hyaluronan. Because these cells directly face the synovial fluid and 
apposing tissue surfaces within the joint, they are exposed to a dynamic environment of mechanical 
stimuli generated during daily activity. This dissertation addresses the global hypothesis that FLS 
are mechanosensitive to distinct modes of shear stress generated in the knee during articulation, 
and that modulation of this sensitivity by chemical and physical factors of the osteoarthritic (OA) 
environment contributes to disease progression. 
Previous work has demonstrated that fluid-induced shear stress, generated as synovial fluid 
redistributes within the capsule during articulation, is a relevant mechanical stimulus for FLS. 
Exposure of FLS to fluid shear has been shown to modulate downstream functions such as 
lubricant secretion and the release of degradative matrix-metalloproteinases as induced by the 
cytokine interleukin-1 (IL-1), the latter indicating a link between mechanotransduction and the 
inflammatory environment of OA. The first goal of this dissertation was to further elucidate FLS 
mechanotransduction by characterizing the upstream response of FLS to fluid shear and determine 
the influence of IL-1 thereupon. The work presented herein demonstrates for the first time a robust 
calcium signaling response of FLS to fluid shear, a key upstream event in the mechanotransduction 
of physical stimuli. Key aspects of this response were significantly altered by pre-exposure to IL-
1, indicating a pathologic modulation of normal mechanosensing in the OA environment. This 
effect was observed across bovine and human models and was found to be potentiated by both 
increasing intercellular communication and modulation of cell primary cilia. 
In addition to chemical factors such as cytokines, the degradation of cartilage during OA 
produces a physical factor that perpetuates disease state in the form of cartilage wear particles 
(CWP). These particles are released into the synovial fluid and attach directly to the synovium. 
We have previously shown that CWP induce FLS monolayers to release pro-inflammatory 
mediators of OA. The second goal of this dissertation was to investigate the effect of CWP on both 
cell-level function and tissue-level properties. To this end we showed first that CWP modulate the 
calcium signaling response of FLS to fluid shear in a contact dependent manner, and that inhibition 
of intercellular communication is a potential mechanism of this effect.  
In areas of the articulating capsule where apposing tissues slide in direct contact with each 
other, contact-induced shear stress provides another relevant physical stimulus to FLS. In this case 
of direct interaction between surfaces, the tissue-level frictional properties may affect the 
magnitude of shear stress presented to the cells within the intimal layer and thus influence 
mechanotransduction. A novel bioreactor was developed to characterize the effect of sliding 
contact on downstream functions of FLS within explant tissues. An increase in metabolic activity 
with culture under these conditions suggests that contact shear is a relevant stimulus for FLS. 
While previous work has characterized synovium friction properties in sliding contact against 
glass, relatively little is known of synovium tribology in native tissue configurations, or the 
influence of pathologic conditions such as CWP attachment. This dissertation reports for the first 
time low friction properties for synovium against other tissues within the joint such as cartilage 
and demonstrates a significant deleterious effect of CWP on these properties. 
The research presented in this dissertation further elucidates the processes of normal 
synoviocyte mechanotransduction, and by demonstrating that key chemical and physical factors 
of the OA environment modulate both cell and tissue-level functional properties, sheds light on 
the mechanisms by which the synovium contributes to disease progression. This sets the 
foundation for future work into synovium mechanotransduction of distinct physical stimuli and 
the relationship with tissue-level mechanical properties, and points towards clinical interventions 
that seek to restore the normal mechanical environment of the joint. 
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Figure 1.1   The synovial joint, encapsulated by the synovium, which contacts the synovial fluid 
and underlying tissues (cartilage, meniscus, and other synovium in peripheral regions where the 
capsule folds on itself). 
 
Figure 2.1   Expanded view of components of parallel plate flow chamber employed to expose 
FLS monolayers on glass to fluid-induced shear stress (τw, inset) under controlled laminar fluid 
flow (adapted from (Hung, Allen et al. 1997)). 
 
Figure 2.2   Representative calcium transient of FLS in response to fluid-induced shear stress. 
[Ca2+]i is steady at equilibrium, rises sharply with flow onset to maximum value (peak magnitude) 
after slight delay (peak latency), then returns to equilibrium levels. Area under curve (AUC, dashed 
region) indicates total calcium flux. Fluorescence intensity of calcium indicator dye is normalized 
to average value prior to flow and set at 1 to represent relative changes in [Ca2+]i. 
 
Figure 2.3   Dose dependence of percent responding FLS to shear stress on minimal concentration 
of fetal bovine serum (FBS) in flow solution (a). Significant increases in responding cells observed 
for 0.1% and 0.5% FBS over low response without FBS. Calcium signaling in absence of serum 
was confirmed with addition of chemical agonist (100 µm ATP) resulting in sharp peak in 90% of 
FLS. *p<0.001 vs. 0% FBS or indicated groups. N = 200 cells per group, pooled across duplicate 
slides. 
 
Figure 2.4   Dose dependence of response metrics on shear stress level. Percent responders (a), 
mean peak magnitude (b), and mean AUC (c) increased significantly with order of magnitude 
increases in shear stress, while mean peak latency significantly decreased (d). *p<0.001 vs. 0.005 
Pa or indicated groups. N reported on each bar, pooled across triplicate slides per group. 
 
Figure 2.5   Percentile response of FLS to 0.1 Pa shear stress with external and internal calcium 
sources isolated (a).  *p<0.001 vs. Control for given stimulus.  ^Response characterized by slow 
rise, not characteristic sharp peak.  N = 200 cells per group across duplicate slides.  Representative 
[Ca2+]i transients for FLS responding to fluid shear and subsequent introduction of 100µM ATP 
via reservoir switching, for control media (solid line), 1mM EGTA (short dash) and 1µM 
thapsigargin (long dash) (b). 
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Figure 3.1   Custom culture device created by modifying a standard 6-well plate with an acrylic 
platen to hold bovine synovium explants in place with a silicon gasket (red ring) during culture 
under orbital shaking to induce fluid shear stress. 
 
Figure 3.2   Effect of IL-1α (IL1) preconditioning on bovine FLS response to shear stress. IL1 
significantly increased percent responders (a), mean peak magnitude (b), and AUC (c), while 
significantly decreasing mean peak latency (d). *p<0.001 vs. CTL. N reported on each bar, pooled 
across triplicate slides per group. 
 
Figure 3.3   Representative transients for control (black) and IL1-preconditioned (gray) FLS to 
shear stress in control (solid), EGTA (dotted), and thapsigargin (dashed) conditions. Removal of 
external calcium (EGTA) resulted in no response to fluid shear in both groups, while removal of 
internal calcium stores (thapsigargin) resulted in low level responses that differed in shape between 
control and IL1-preconditioned FLS. 
 
Figure 3.4   Representative images showing calcein dye transfer, an indicator of gap junction 
communication, after 4 hr to surrounding cells from ‘parachute’ cells (arrow). IL-1-
preconditioning (c) significantly increased calcein transfer compared to control FLS (a), while 
blocking of dye transfer by 1mM octanol (OCT) was confirmed for both groups (b, d). 
 
Figure 3.5   Quantification of dye transfer to surrounding cells in parachute assay. IL1 
preconditioning significantly increased transfer rate compared to control FLS. Blocking gap 
junctions with octanol (OCT) significantly decreased transfer for both control and preconditioned 
groups. *p<0.001 vs. octanol treatment within preconditioning group. #p<0.001 vs. CTL. N 
reported on each bar, pooled across triplicate slides per group. 
 
Figure 3.6   Effect of gap junction blocking by octanol (OCT) on shear response for control and 
IL1-preconditioned FLS. Percent responders decreased significantly for both control and IL1-
preconditioned groups with octanol (a), compared to without octanol (dotted boxes). Mean peak 
magnitude (b) and AUC (c) significantly decreased, while mean peak latency (d) significantly 
increased with octanol treatment for IL1-preconditioned FLS. Octanol-treated IL1 group also 
exhibited significance versus octanol-treated control FLS for all metrics. *p<0.001 vs. CTL+OCT. 





Figure 3.7 Effect of IL1 preconditioning on bovine FLS primary cilia. Preconditioning 
significantly increased mean cilia length (a) and percent of cells expressing cilia (b) compared to 
control FLS. *p<0.001 vs. control. N reported on each bar, pooled across triplicate slides per group. 
Representative images of FLS primary cilia (arrows), with actin and nuclear counterstaining for 
visualization (c, d). 
 
Figure 3.8   FLS/MLS coculture at native 90:10 ratio. FLS (red) showing [Ca2+]i indicator Fura 
Red, while MLS (green) are co-labeled with DiI (overlaid on Fura Red image). FLS 
subpopulations were analyzed separately based on being in contact with MLS (FLS(c)) or not 
(FLS(nc)) (a). Percentile response of FLS-only population (FLS) in comparison to FLS/MLS co-
culture (CoCu), and breakdown within CoCu of individual cell populations described in (a). 
*p<0.05. N = 300 cells pooled across triplicate slides. 
 
Figure 3.9   Calcium peak metrics for response to 0.1 Pa fluid shear stress of FLS from individual 
healthy (H, blue) and diseased (OA, green) donors of varying age and gender after 24 hr 
preconditioning with 10 ng/mL IL-1α (dotted) with parallel untreated controls (solid). N = 300 
cells/slide pooled across 3 slides/group. *p<0.05 vs. untreated CTL (within donor). 
 
Figure 3.10   Calcium peak metrics for response to 0.1 Pa fluid shear stress of FLS from individual 
healthy (blue) and pooled OA donors (green) after 24 hr preconditioning with 0.01 ng/mL IL-1α 
(dotted) with parallel untreated controls (solid). N = 300 cells/slide pooled across 3 slides/group. 
*p<0.05 vs. untreated CTL (same donor), #p=0.059 vs. Healthy CTL. 
 
Figure 3.11   Immunohistochemical staining showing representative length and incidence of 
primary cilia (arrows) of healthy human FLS preconditioned with 0.1 ng/mL IL-1, 10 mM lithium 
chloride (LC), or serum starvation (SS) for 24 hr with untreated controls (CTL). Internal cellular 
microtubules also fluoresce (green), along with DAPI-counterstained nuclei (blue) for 
visualization of cell body. 
 
 
Figure 3.12   Quantification of primary cilia incidence (a) and length (b) of healthy human FLS 
preconditioned with 0.1 ng/mL IL-1, 10 mM lithium chloride (LC), or serum starvation (SS) for 
24 hr with untreated controls (CTL). N = 66-113 cells/group, pooled across 3 slides/group with 10 







Figure 3.13   Calcium peak metrics for response to 0.1 Pa fluid shear stress of healthy FLS after 
24 hr preconditioning with 10 mM lithium chloride (LC) or serum-free media (SF). Lines indicate 
parallel untreated control (dashed) and IL-1 preconditioned (dotted) FLS. N = 300 cells/slide 
pooled across 3 slides/group. *p<0.05 vs. untreated CTL, Vp<0.05 vs. IL-1, #p < 0.05 vs. LC. 
 
Figure 3.14   Key peak metrics of fluid shear response for populations of FLS, MLS, and 
cocultures 90:10 and 50:50 ratios respectively. MLS and cocultures with 50% MLS demonstrated 
significantly higher values in all metrics compared to FLS. N = 300 cells/slide pooled across 3 
slides/group. *p < 0.05 vs. FLS, ^p < 0.05 vs. 90:10. 
 
Figure 3.15   Quantification of dye transfer to surrounding cells in FLS monolayer in parachute 
assay. MLS parachutes demonstrated significantly increased transfer rate compared to FLS 
parachutes. *p<0.05 vs. FLS. N = 30 parachute cells pooled across triplicate slides per group with 
10 parachutes analyzed per slide. 
 
Figure 3.16   DNA content of healthy and OA FLS monolayers culture in static conditions (Static) 
or 0.1 Pa fluid shear (Shear) after IL-1 preconditioning, with parallel untreated controls. N = 6 
wells/group. *p < 0.05 vs. indicated group. 
 
Figure 3.17   Relative metabolic activity as quantified by MTT absorbance, normalized by DNA 
content of healthy and OA FLS monolayers culture in static conditions (Static) or 0.1 Pa fluid 
shear (Shear) after IL-1 preconditioning, with parallel untreated controls. N = 6 wells/group. *p < 
0.05 vs. indicated group, #p < 0.05 vs. healthy FLS in same conditions.  
 
Figure 3.18   Hyaluronan (HA) secretion into media, normalized by DNA (a) and absolute (b), for 
healthy and OA FLS monolayers culture in static conditions (Static) or 0.1 Pa fluid shear (Shear) 
after IL-1 preconditioning, with parallel untreated controls. N = 6 wells/group. *p < 0.05 vs. 
Control within donor and culture condition or indicated group. 
 
Figure 3.19   DNA content (a), metabolic activity (b), and hyaluronan (HA) secretion into media 
of bovine synovium explants cultured in 0.1 Pa fluid shear for 24 hr (Fluid Shear), compared 
unloaded controls in static culture (Static). Fluid shear significantly decrease DNA content, while 




Figure 4.1   Calcium signaling response metrics for FLS treated for 5 days with CWP at 250 
particles/cell, with parallel untreated controls (CWP). CWP treatment resulted in significant 
reductions in both percentile response and mean peak AUC. N = 300 cells/group with 100 
cells/slide pooled across 3 slides/group. *p < 0.05 vs. CTL. 
 
Figure 4.2   Representative images showing calcein dye transfer, an indicator of gap junction 
communication, after 4 hr to surrounding cells from ‘parachute’ cells (yellow/bright green). CWP 
treatment inhibited dye transfer in comparison to untreated controls (CTL) and IL-1, which 
heightened dye transfer. Sale bar = 200 µm. 
 
Figure 4.3   Quantification of dye transfer to surrounding cells in parachute assay. CWP 
significantly decreased dye transfer in comparison versus untreated controls (CTL), in contrast to 
the significant increase induced by IL-1. N = 30 parachute cells/group with 10/slide pooled across 
3 slides/group. *p<0.05 vs CTL. 
 
Figure 4.4   Top and side view of DTAF-labeled CWP (yellow) attached to human FLS (red) cell 
surface after 5 days in culture, imaged with custom quasi-3D microscope. 
 
Figure 4.5   DTAF-labeled CWP (yellow) attached to human FLS monolayer loaded with Fura 
Red calcium indicator dye (red) on slide installed in parallel-plate flow chamber. Subpopulations 
in treated slides were identified by FLS with on or more CWP directly attached to the cell body 
(+CWP), or FLS with no CWP attached (-CWP). 
 
Figure 4.6   Peak metrics for calcium signaling response to fluid shear of CWP treated FLS. 
Subpopulations of FLS with CWP attached (+CWP) and without any CWP attached (-CWP) were 
analyzed both separately and pooled (CWP) and compared to untreated controls (CTL). FLS with 
CWP attached (+CWP) significantly decreased percentile response (a) and peak magnitude (b) 
while increasing peak latency (c). N = 300 cells/group with 100 cells/slide pooled across 3 
slides/group. *p < 0.05 vs. indicated group. 
 
Figure 5.1   Images (a, b) and schematic (c) of custom friction loading bioreactor. Eccentric drive 
motor used to reciprocate synovium loaded onto platens against a cartilage plug fixed directly to 





Figure 5.2   Contact pressure measurements taken in bovine calf joints under flexion with force 
sensor (a, inset) inserted between femoral condyle and capsule (a), approaching from medial and 
lateral sides of the trochlear groove (a, arrow). Mean peak pressures for each side reported on 
calibration curve for sensor (b).  
 
Figure 5.3   Schematic of custom friction tester for the real-time measurement of friction 
coefficient of native synovial joint tissues in sliding contact motion (adapted from (Krishnan, 
Caligaris et al. 2004)). 
 
Figure 5.4   Schematic of testing configurations for testing synovium explants (green) affixed to 
a custom platen with a silicon backing (red) by a silicon gasket (red circles) against a glass lens, 




Figure 5.5   Live/Dead staining of synovium explants for viability testing of shear culture 
bioreactor setup. Live cells (green) were predominant throughout all tissues, with some areas of 




Figure 5.6   Assessment of metabolic activity via the MTT assay to confirm maintenance of 
viability in synovium cultured for 72 hr fixed onto bioreactor platen (PLT), in free-floating culture 
exposed to platen materials (MAT). No significant change in relative metabolic activity was 




Figure 5.7   DNA content (a), relative metabolic activity (MTT) normalized by DNA (b), and 
hyaluronan (HA) secretion normalized by DNA (c) of bovine synovium explants cultured on 
platens in sliding contact with cartilage for 24 hr, with parallel controls (Static, platens and 
cartilage in static media with gap between). Contact shear culture had no effect on proliferation, 
while significantly increasing metabolic activity, and slightly but not significantly increasing HA 




Figure 5.8   Friction coefficient as a function of time over duration of 60 min test for synovium 





Figure 5.9   Mean equilibrium friction coefficient (taken as average of final 100 cycles in test) for 
synovium-on-glass testing at 25 or 100 kPa contact pressure, in PBS or bovine synovial fluid (SF). 
N = 9-10 samples/group. *p < 0.05 vs. indicated group. 
 
Figure 5.10   Side-view of confocal z-stack of cartilage wear particle (green) incorporated into 
surface of the synovium explant by synoviocytes (red) migrated onto surface particle. 
 
Figure 5.11   Mean equilibrium friction coefficient for synovium-on-glass testing at 25 kPa in 
PBS for ‘large’ CWP-treated synovium, with large significant increase compared to untreated 
controls (CTL). N = 9-10 samples/group. *p < 0.05 vs. CTL. 
 
Figure 5.12   Mean equilibrium friction coefficient for synovium-on-cartilage testing at 25 kPa in 
50% synovial fluid (SF) diluted in PBS for ‘small’ CWP-treated synovium, with significant 
increase compared to untreated controls (CTL). N = 6 samples/group. *p < 0.05 vs. CTL. 
 
Figure 5.13   Mean equilibrium friction coefficient for synovium-on-synovium testing at 25 kPa 
in 50% synovial fluid (SF) diluted in PBS for ‘small’ CWP-treated synovium, with significant 
increase compared to untreated controls (CTL). N = 6 samples/group. *p < 0.05 vs. CTL. 
 
Figure 5.14   Mean equilibrium friction coefficient for synovium-on-glass testing at 25 kPa in 
PBS for bovine and human OA explants (Explant), compared with tissue-engineered synovium 
developed with both cell sources at day 14 of culture (TE). N = 3 samples/group. *p < 0.05 vs. 
indicated group. 
 
Figure 6.1   Schematic of contact shear calcium imaging system, utilizing similar synovium platen 




Figure 7.1 Diagram for case of fluid shear between parallel plates representing motion of apposing 
synovium surfaces or synovium and cartilage surfaces during joint articulation. 
 
Figure 7.2   Experimental data demonstrating shear rate dependence of synovial fluid viscosity 




Figure 7.3   Modified parallel plate flow chamber for calcium imaging in live synovium explants. 
Tissue is affixed to end of threaded platen can be advanced to achieve precise flush fit with 
chamber interior for exposure of attached explant to FSS via laminar flow (inset). 
 
Figure 7.4. Synoviocytes loaded with Fura Red calcium indicator are clearly visible within explant 
tissue after installation in a custom flow chamber, allowing real-time tracking of [Ca2+]i (a). 
Representative calcium transients for exposure to 10 Pa fluid shear stress initiated at 120 s (b). 
 
Table 3.1   Effect of removing external and internal calcium sources on bovine FLS response to 
shear, for control and IL1-preconditioned cells. No response observed with external calcium 
removed (EGTA). Low percentile response observed with internal calcium depleted 
(thapsigargin). *p<0.001 vs. control within column. #p<0.001 vs. control within row. ^Response 
characterized by slow rise, not characteristic peak. N = 300 cells per group across triplicate slides 
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It has long been understood that the synovium plays a key role in homeostasis of the healthy 
diarthrodial joint. While there is a growing appreciation for the contribution of the synovium to 
the progression of degenerative diseases like osteoarthritis (OA), there are many aspects of the 
biological function of the synovium in both healthy and pathologic conditions that have yet to be 
elucidated. Because the synovial joint presents a uniquely dynamic mechanical environment as it 
articulates throughout daily activity, cellular response to physical stimulus must be considered 
when studying tissue-level function. As the predominant cell type in the synovium, fibroblast-like 
synoviocytes (FLS) have been the common focus of such research to date. Previous work has 
shown that distinct physical stimuli such as fluid-induced shear stress are potent mediators of FLS 
biosynthesis. Furthermore, fluid shear has been shown to modulate the effect of cytokines 
associated with OA on FLS production of cartilage degrading enzymes, suggesting a direct link 
between mechanotransduction and disease progression.  
The work presented in this dissertation first seeks to elucidate FLS mechanotransduction by 
characterizing the upstream and downstream responses to two distinct modes of shear stress 
generated by fluid flow and frictional interactions between tissue surfaces respectively. To 
investigate the interplay between changes in mechanosensitivity and OA progression, this work 
characterizes the influence of two key mediators in the disease environment, the cytokine 
interleukin-1 (IL-1) and cartilage wear particles (CWP), on synoviocyte response to these physical 
stimuli. The following hypotheses and specific aims were developed to guide this research. 
 
 
  2 
 
1.1 Hypotheses and Specific Aims 
 
Global Hypothesis 
FLS are mechanosensitive to distinct modes of shear stress generated in the joint during 
articulation, and modulation of this sensitivity by chemical and physical factors of the 
osteoarthritic (OA) environment contributes to disease progression. 
 
Hypothesis 1: Interleukin-1 heightens FLS mechanosensitivity to fluid-induced shear stress 
Specific Aim 1a: Employ a juvenile bovine in vitro model to characterize the upstream 
calcium signaling response of FLS to fluid-induced shear stress. Identify conditions 
necessary for robust response, sensitivity to range of stress magnitudes, and role of external 
versus internal calcium stores. 
Specific Aim 1b: Determine the effect of IL-1 preconditioning on bovine FLS calcium 
signaling response to fluid shear, key mechanisms of mechanotransduction (gap junctions, 
primary cilia), and the influence of increasing macrophage-like synoviocyte ratio in 
coculture. 
Specific Aim 1c: Employ an in vitro model with human FLS from healthy and OA donors 
to confirm effect of IL-1 on upstream calcium signaling and investigate donor variability. 
Determine effect of IL-1 on key mechanisms of mechanotransduction (gap junctions, 
primary cilia) and influence of increasing macrophage-like synoviocyte ratio in coculture.  
Specific Aim 1d: Investigate the interplay of disease state, IL-1, and culture with fluid shear 
in modulating downstream functions (proliferation, metabolism, lubricant secretion) of 
healthy and OA human FLS, and confirm effect in native bovine explant model. 
 
Calcium signaling in response to fluid shear has been widely characterized in other cells 
types that are exposed to a dynamic fluid environment, from vascular endothelial cells (Mo, Eskin 
et al. 1991, Ando, Komatsuda et al. 1998) to residents of the musculoskeletal system such as 
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osteocytes (Hung, Pollack et al. 1995, Jacobs, Yellowley et al. 1998) and chondrocytes (Edlich, 
Yellowley et al. 2001). This key upstream event in mechanotransduction has yet to be studied in 
synoviocytes, though they are known to reside in the intimal layer of the synovium and are directly 
exposed to the fluid environment of the synovial joint.  
Downstream functions of synoviocytes have been shown to both maintain the lubricative 
properties of synovial fluid (Smith 2011, Hui, McCarty et al. 2012) and contribute to the disruption 
of this homeostasis during the progression of OA (Abramson and Attur 2009, Bartok and Firestein 
2010). Some work has begun to draw connections between mechanotransduction of fluid shear 
and the response to FLS to cytokines in the OA environment (Sun and Yokota 2001, Sun, Nalim 
et al. 2009). This connection between the downstream consequences of mechanotransduction and 
the progression of OA motivates the specific aims of Hypothesis 1 in contributing to a better 
understanding of both upstream and downstream phenomenon in synoviocyte 
mechanotransduction, and how modulation of these processes in OA contributes to progression of 
the disease state. The experiments in Specific Aims 1a seek to first characterize fluid shear-
induced calcium signaling in FLS under normal conditions (Chapter 2), while Specific Aims 1b-
c use this as a foundation for further investigation of the specific effects of the cytokine IL-1 on 
this upstream aspect of mechanotransduction (Chapter 3).  
While some work has demonstrated the influence of fluid shear on the downstream function 
of synoviocytes (Yanagida-Suekawa, Tanimoto et al. 2013), these experiments have been limited 
to monolayer cultures exposed to a limited range of shear stress magnitudes in undefined 
conditions. The experiments in Specific Aim 1d seek to complement these findings by exposing 
both FLS monolayers and native explant tissues to defined magnitudes of fluid-induced shear 
stress and assess the effect on downstream function (Chapter 3). These experiments will provide 
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a foundation for future work to directly connect upstream signaling events with downstream 
function and assess the influence of each in the OA environment. 
 
Hypothesis 2: CWP modulate cell-level mechanotransduction and tissue-level mechanical 
properties of the synovium 
 
Specific Aim 2a: Employ an in vitro FLS model to determine the effect of CWP attachment 
on upstream calcium signaling response to fluid shear. 
Specific Aim 2b: Develop a custom in situ bioreactor to assess the effect of culture under 
sliding contact on downstream functions (proliferation, metabolism, lubricant secretion) of 
FLS in bovine explants. 
Specific Aim 2c: Employ a custom mechanical testing device to characterize the friction 
properties (friction coefficient) of native bovine explants under varying conditions of 
applied load, lubricant bath (saline vs. synovial fluid), and counterface material (glass, 
cartilage, synovium). Determine the effect of CWP attachment on friction coefficient in 
supraphysiologic and physiologic treatment conditions. 
Specific Aim 2d: Demonstrate parity between native explants and tissue-engineered 
synovium in both bovine and human models. 
 
In addition to soluble chemical factors such as the pro-inflammatory cytokine IL-1, which 
have been widely characterized as potent mediators of OA pathogenesis, the diseased joint also 
produces a physical factor in the form of cartilage wear particles (CWP) released into the synovial 
fluid as the articular surfaces degrade. CWP present a uniquely macroscopic factor, as they can 
range in size up to hundreds of microns and attach directly to the synovial intima, thereby affecting 
surface topography. As such, Hypothesis 2 addresses the effect of CWP on both cell-level 
mechanotransduction and tissue-level mechanical properties. The experiments detailed in Specific 
Aims 2a employ the previously established imaging techniques to demonstrate that CWP modulate 
FLS calcium signaling response to fluid shear (Chapter 4). 
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In addition to fluid shear, other forms of mechanical stimulation have been shown to elicit 
upstream calcium signaling in synoviocytes, such as direct cellular manipulation with a 
micropipette (D'Andrea, Calabrese et al. 1998). Induction of downstream functions such as 
lubricant secretion has also been demonstrated for strain generated by stretching of cells grown on 
a flexible membrane (Momberger, Levick et al. 2005, Momberger, Levick et al. 2006). Here we 
postulate that in some areas of the articulating joint stretching of the capsule causes the synovium 
to slide in direct contact against underlying tissues, generating a contact-induced shear stress. 
Specific Aim 2b seeks to establish this mode of shear stress as a relevant mechanical stimulus for 
the synovium by demonstrating modulation of downstream functions of FLS in response to culture 
under sliding contact with cartilage in a custom bioreactor (Chapter 5). 
While some work has been done to characterize the lubrication and frictional properties of 
the synovium (Radin, Paul et al. 1971, Cooke, Downson et al. 1976), little is known of such 
properties in sliding contact with native tissue surfaces, the effect of pathological conditions such 
as CWP attachment, or the impact of changes in these tissue-level properties on 
mechanotransduction of resident FLS. The experiments in Specific Aim 2c-d employed a custom 
mechanical testing device to first characterize synovium friction properties in conditions that 
mimic the native joint to contribute to the overall understanding of joint tribology (Chapter 5). 
The effect of CWP attachment on these friction properties was then investigated in conditions 
mimicking the OA environment (Chapter 5). Finally, this testing platform was used to compare 
the friction properties of native explants to tissue-engineered synovium in both bovine and human 
models (Chapter 5). This work contributes to the characterization of a mechanically patent tissue-
engineered synovium model developed in our group (Stefani, Halder et al. 2018), which will 
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provide a foundation for future work addressing the connection between tissue-level properties 
and cell-level mechanotransduction and their roles in OA. 
 The work described in this dissertation addresses multiple facets of synovium 
mechanotransduction and focuses on certain upstream and downstream responses to two distinct 
modes of shear stress that could be generated with the imaging and testing devices available. The 
characterization of upstream calcium signaling was limited to fluid-induced shear stress as it 
employs previously developed imaging technologies that allow real-time visualization of cellular 
response under such conditions. Similarly, characterization of tissue mechanical properties 
focused on contact-induced shear stress and leveraged testing devices previously developed to 
investigate cartilage tribology. It should be noted that the magnitudes of shear stress generated in 
these respective modes differ by orders of magnitude, as a function of the nature of these stimuli 
and their application in experimental conditions.  
Characterization of FLS response to fluid shear stress demonstrated a high sensitivity down 
to very low magnitudes (0.05 Pa), validating this level of stress a relevant stimulus for 
mechanotransduction. On the other hand, the lowest possible contact pressures applied by the 
friction testing device were on the scale of 25 kPa, which were shown to increase downstream 
metabolic activity in synovium explants. As an example of experimental limitations, attempts at 
calcium imaging in FLS monolayers under similarly high stresses generated by fluid shear resulted 
in immediate liftoff of the monolayer itself, while exposing monolayers to sliding contact would 
have similarly poor outcomes. The custom imaging and culture devices designed and developed 
over the course of this dissertation work, utilizing native explant and engineered tissues, will 
provide a foundation to further study native synovium mechanotransduction to a full range of shear 
stress magnitudes that may occur in the native joint, under both fluid and contact-induced shear 
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stress. These efforts will continue in parallel with the development of in silico models to better 
define what these physiologic ranges are in the native articulating joint. 
 
1.2 Significance 
Osteoarthritis is the most common joint disease in the United States, affecting an estimated 27  
million adults in 2005, with an aging population driving continued increases in prevalence 
(Lawrence, Felson et al. 2008, Zhang and Jordan 2008). With damage to articular cartilage and 
inflammation of the joint leading to pain and limited mobility, this disease not only reduces quality 
of life for the individual but imposes a significant economic burden in the form of healthcare costs 
and lost work (Gabriel, Crowson et al. 1995). Research into the pathogenesis of OA has classically 
focused on articular cartilage, the degeneration of which is hallmark to the disease. However, the 
role of the synovium has come increasingly into focus as OA is recognized as a disease of the 
entire joint. Changes is synovial tissue morphology, cellular composition, and biosynthetic activity 
occur in most cases of OA (Attur, Samuels et al. 2010), and are often observed prior to damage of 
the articular cartilage (Hugle and Geurts 2017).  
The research proposed herein seeks to provide novel insights to how factors of the OA 
environment modulate normal synoviocyte mechanotransduction and tissue-level mechanical 
properties, and the role this plays in initiating and progressing the state of this disease. By 
addressing the effect of the OA environment on specific mechanisms of shear sensing, the 
proposed studies point towards potential strategies for therapeutic intervention to restore normal 
mechanosensitivity. Other work investigating the mechanisms addressed in these studies provide 
examples of potential strategies, such as manipulation of primary cilia length (Ou, Ruan et al. 
2009, Besschetnova, Kolpakova-Hart et al. 2010) and gap junctional communication (Alves, Nihei 
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et al. 2000, Kurtenbach, Kurtenbach et al. 2014). As such, we anticipate that this work will support 
efforts aimed at attaining a better understanding of the etiology and progression of OA as well as 
toward developing therapeutic strategies to maintain and restore joint health. 
 
1.3 Background 
1.3.1 Synovium Structure and Function 
 
Figure 1.1   The synovial joint, encapsulated by the synovium, which contacts the synovial fluid 
and underlying tissues (cartilage, meniscus, and other synovium in peripheral regions where the 
capsule folds on itself). 
 
The synovium is a thin specialized connective tissue that envelops diarthrodial joints and 
maintains a lubricating environment for the articulating surfaces within (Figure 1.1). It does this 
through the action of resident cells producing lubricating molecules such as hyaluronan and 
lubricin, and through the function of the tissue itself as a semi-permeable membrane to regulate 
solute transport in and out of the joint space (Blewis, Lao et al. 2010, Smith 2011, Hui, McCarty 
et al. 2012). The synovium is composed of two distinct layers: the intima and subintima. The intima 
is a thin (approximately 10 µm), highly cellular layer of extracellular matrix composed primarily 
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of collagen types I and IV. The predominant cell type in this region is fibroblast-like synoviocytes 
(FLS), making up 70-90% of the population and serving to secrete lubricating molecules into the 
synovial fluid. The remaining cells are macrophage-like synoviocytes (MLS), which remove waste 
and pathogens from the joint space. The subintima is a thicker (approximately 5mm), more 
heterogenous tissue layer composed of fibrous collagen (types I, III, IV, V, and VI), fat, 
vasculature, and nerves. Though much less cellular than the intima, FLS and MLS in addition to 
endothelial, hematopoietic, and immune cells reside through the depth of the subintima (Smith 
2011).  
 
1.3.2 Mechanical Environment of the Synovial Joint 
FLS and MLS residing in the intimal layer of the synovium are directly exposed to the 
synovial fluid and underlying tissues within the joint capsule, and thus to distinct modes of shear 
stress that are generated during normal activity. As the joint capsule deforms during articulation, 
synovial fluid is forced to redistribute within the joint space (McCarty, Masuda et al. 2011), 
generating fluid-induced shear stress at the surface of directly exposed tissues (Gomez and 
Thurston 1993, Hlavacek 1995, Schett, Tohidast-Akrad et al. 2001). In areas where this 
deformation brings tissues into direct contact as they slide over each other, contact-induced shear 
stress is generated at the interfacing surfaces (Radin, Paul et al. 1971). Other cell types are known 
to sense and respond to such physical stimuli through the process of mechanotransduction, where 
an external mechanical stimulus is converted to a chemical signal within the cell to modulate 
downstream functions such as protein production.  
In studies of mechanotransduction, observation of the initial signaling event is a powerful 
investigative tool, accomplished by tracking fluorescent indicators of the signaling molecules 
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involved. Calcium is one particularly ubiquitous second messenger that has been observed to play 
a role in the earliest cell signaling events triggered by applied physical and chemical stimuli 
(Sanderson, Charles et al. 1994, Yellowley, Jacobs et al. 1999, Berridge, Lipp et al. 2000). The 
ubiquity of dynamic fluid environments throughout the body has motivated a broad field of 
research in mechanotransduction of fluid shear via calcium signaling. The nature of this 
mechanical stimulus is particularly advantageous for imaging setups that allow for tracking 
fluorescent indicators in cells exposed to fluid shear in simple parallel-plate flow chambers and 
microfluidic devices. Changes to intracellular calcium ([Ca2+]i) in response to fluid shear have 
been extensively characterized for vascular endothelial cells and other resident cells of the vascular 
intima that are directly exposed to the constant flow of blood (Mo, Eskin et al. 1991, Ando, 
Komatsuda et al. 1998, Scheitlin, Julian et al. 2016). Calcium signaling in response to fluid shear 
has also been observed for cells residing in a variety of musculoskeletal tissues, including bone 
(Hung, Pollack et al. 1995, Jacobs, Yellowley et al. 1998), ligament (Hung, Allen et al. 1997), 
tendon (Wall and Banes 2005), meniscus (Eifler, Blough et al. 2006) and cartilage (Edlich, 
Yellowley et al. 2001). Fluid shear has been demonstrated as a relevant mechanical stimulus for 
FLS in regulating downstream production of lubricant molecules (Yanagida-Suekawa, Tanimoto 
et al. 2013). While calcium has been implicated in synoviocyte mechanosignaling in response to 
deformation via micropipette (D'Andrea, Calabrese et al. 1998) as well as stretch-induce 
mechanical stress (Momberger, Levick et al. 2005, Momberger, Levick et al. 2006), the upstream 
signaling of synoviocytes in response to fluid shear has yet to be characterized. Furthermore, other 
relevant mechanical stimuli that can only be reproduced at the tissue level, such as contact-induced 
shear stress, have yet to be explored. 
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1.3.3 Mechanisms of Mechanotransduction 
Common mechanisms of mechanotransduction of fluid shear have been explored across 
many of the previously studied cell types and serve to inform this investigation in synoviocytes. 
The primary cilium has been widely studied as a critical effector of cell mechanotransduction (Lu, 
Du et al. 2008, Malone, Anderson et al. 2008, Besschetnova, Kolpakova-Hart et al. 2010, Shi and 
Tarbell 2011). Primary cilia are non-motile microtubule-based structures that emanate from the 
cell surface of many mammalian cells including synoviocytes (Ou, Ruan et al. 2009, Rattner, 
Sciore et al. 2010). Dynamic regulation of cilia length has been implicated in cellular adaptation 
of mechanosensitivity to fluid-induced shear stress (Hoey, Downs et al. 2012). 
In addition to the mechanosensitivity of individual cells, sensitivity of the cell population 
can be influenced by intercellular communication of induced signaling. Calcium signal 
propagation has been demonstrated between chondrocytes and synoviocytes in vitro, mediated in 
part by intercellular communication via gap junctions (D'Andrea, Calabrese et al. 1998). Gap 
junctions are clusters of aqueous channels between two adjacent cell membranes that allow for the 
exchange of electrical and chemical signals such as calcium between neighboring cells. Gap 
junctions have been observed between synoviocytes in the native synovium and in primary and 
passaged monolayer cultures of FLS (Kolomytkin, Marino et al. 2000). 
 
1.3.4 The Synovium in Osteoarthritis 
Changes in normal FLS function have been implicated in osteoarthritis (OA), where pro-
inflammatory cytokines such as interleukin-1 (IL-1) released by the inflamed synovium shift 
chondrocyte activity to elevate degradative enzymes, breaking down cartilage and inhibiting tissue 
repair and regeneration (Abramson and Attur 2009, Bartok and Firestein 2010). FLS also respond 
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to IL-1 themselves with increased production of degradative enzymes. This response has been 
shown to be modulated by gentle oscillatory shear (Sun, Nalim et al. 2009), pointing to a coupling 
between FLS mechanosensing in the normal joint environment and the enhanced chemical stimuli 
present in pathological conditions. This link is further evidenced by the effect of pro-inflammatory 
cytokines on specific mechanisms of mechanotransduction. In chondrocytes, the inflammatory 
response to IL-1 is mediated by increasing primary cilia length (Wann and Knight 2012). 
In addition to modulating individual cell mechanosensitivity via mechanisms such as the 
primary cilia, the inflammatory environment of OA has also been shown to modulate potential 
mechanisms of population-level sensitivity by affecting intercellular communication. Clinical 
studies of osteoarthritic synovium have shown increased gap junction formation in diseased tissues 
(Marino, Waddell et al. 2004), while the β isoform of IL-1 has been shown to increase gap junction 
communication between synoviocytes in monolayer culture (Niger, Howell et al. 2009). 
Furthermore, induction of metalloproteinase production by this isoform of IL-1 is in part 
dependent on intercellular communication via gap junctions (Kolomytkin, Marino et al. 2002). 
As the articular surfaces degrade in OA, cartilage wear particles (CWP) are generated and 
released into the synovial fluid (Evans, Mears et al. 1981, Kuster, Podsiadlo et al. 1998) and attach 
to the synovium (Lloyd Roberts 1953, Myers, Flusser et al. 1992). It has been hypothesized that 
interaction with these particles induces changes to synoviocyte function that play a key role in the 
pathogenesis of synovitis and ultimately OA (Sellam and Berenbaum 2010). We have specifically 
shown that CWP modulate FLS downstream biosynthetic activity and inflammatory response via 
contact-mediated interactions (Silverstein, Stefani et al. 2017). However, the influence of this 
physical factor of the OA environment on upstream response to mechanical stimuli, as well as the 
effect of CWP accumulation on tissue-level mechanical properties have yet to be elucidated. 
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Chapter 2 
Characterizing the Calcium Signaling Response of Fibroblast-Like 
Synoviocytes to Fluid-Induced Shear Stress 
2.1 Introduction 
Fibroblast-like synoviocytes (FLS) reside in the intimal layer of the synovium and are thus 
directly exposed to a dynamic mechanical environment of physical stimulus that includes shear 
stresses induced in a thin layer of synovial fluid by the relative movement between the synovium 
and articular surfaces during joint articulation (Rattner, Sciore et al. 2010). Significant 
redistribution of synovial fluid from the anterior to posterior of the joint capsule during joint 
flexion has been documented in the rabbit knee (McCarty, Masuda et al. 2011). Other in vivo 
experiments in rabbits have shown that cyclic flexion of the whole joint enhances secretion of the 
lubricant hyaluronan (HA) into the joint space (Ingram, Wann et al. 2008), demonstrating a 
regulatory role for mechanotransduction of physical stimulus in maintaining a lubricating 
environment. In vitro studies with FLS have specifically demonstrated the induction of HA 
secretion by fluid shear stress applied by orbital shaking of monolayer cultures (Yanagida-
Suekawa, Tanimoto et al. 2013). 
 While these results establish a role for mechanosensitivity to fluid shear in FLS functions 
supporting joint homeostasis, they focus only on downstream outcomes, and the specific upstream 
mechanisms of FLS mechanotransduction remain to be elucidated. The current study seeks to 
characterize the real-time intracellular calcium ([Ca2+]i) response of FLS to applied fluid shear. 
FLS isolated from juvenile bovine synovium will be used for this initial characterization as this 
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tissue is readily available, represents the healthy native environment, and allows direct comparison 
with research performed previously in the lab on the role of the synovium in OA.  
Calcium is an ubiquitous second messenger that is one of the earliest cell signaling events 
triggered by applied physical and chemical stimuli (Yellowley, Jacobs et al. 1999). Intracellular 
calcium transients in response to fluid-induced shear have been observed for cells residing in a 
variety of musculoskeletal tissues, including bone (Hung, Pollack et al. 1995, Jacobs, Yellowley 
et al. 1998), ligament (Hung, Allen et al. 1997), tendon (Wall and Banes 2005), meniscus (Eifler, 
Blough et al. 2006) and cartilage (Edlich, Yellowley et al. 2001). Intracellular calcium has been 
implicated in synoviocyte mechanosignaling, with calcium wave propagation in response to 
micropipette indentation mediated in part by intercellular communication via gap junctions 
(D'Andrea, Calabrese et al. 1998). The present study seeks to provide the first characterization of 
FLS calcium signaling to fluid shear and identify dependence on stress magnitude and media 
composition. To better understand the underlying mechanisms that mediate the shear-induced 
calcium response, a subset of studies was undertaken to determine the role of extracellular and 
intracellular calcium sources. Together, the results presented here provide a foundation for further 
experiments investigating how this normal mechanotransduction is affected in the OA 
environment. 
 
2.2 Materials and Methods 
2.2.1 Cell Isolation and Culture 
Fibroblast-like synoviocytes (FLS) were isolated from the synovium of 3-6 juvenile bovine 
knee joints (2–4 weeks old) via type II collagenase (Worthington) digestion. Cells were cultured 
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in αMEM containing 10% fetal bovine serum (FBS), 100 U/mL penicillin, 100 mg/mL 
streptomycin, and 5 ng/mL FGF (Life Technologies) for two passages to obtain a pure population 
of FLS (Sampat, O'Connell et al. 2011, Silverstein, Stefani et al. 2017). 
2.2.2 Fluid Shear Setup 
Figure 2.1   Expanded view of components of parallel plate flow chamber employed to expose FLS 
monolayers on glass to fluid-induced shear stress (τw, inset) under controlled laminar fluid flow (adapted 
from (Hung, Allen et al. 1997)). 
 
FLS were plated in silicone wells (Grace Bio-Labs) on glass slides coated with 5 µg/cm2 
collagen type 1 (Corning) at 30103 cells/well to achieve a dense but pre-confluent monolayer. 
FLS were imaged after 24 hrs, where changes in intracellular calcium ([Ca2+]i) were tracked with 
Fura Red-AM (Life Technologies) at 5 µM incubated for 40 min at 37 °C. Dye-loaded slides were 
placed in a custom parallel plate flow chamber (Figure 2.1) with syringe pump and allowed to 
equilibrate for 10 min prior to application fluid flow-induced shear stresses of 0.005, 0.05, and 0.5 
Pa, calculated at the wall of the chamber as follows (Hung, Allen et al. 1997): 






where the shear stress at the wall of the chamber (τW) is a function of the viscosity of the fluid (µ), 
the fluid flow rate (Q), and the width (b) and height (h) of the chamber above the installed glass 
slide. Flow solutions were composed of Hank’s Buffered Salt Solution (HBSS) (with calcium) at 
room temperature, supplemented with 0%, 0.1%, or 0.5% FBS as indicated, and were assumed to 
have an equivalent viscosity to water for calculations of shear stress. 100 µM ATP was used as a 
positive chemical control for calcium response, introduced into the chamber after initiation of flow 
via a dual-syringe switching system. 
2.2.3 Calcium Source Experiments 
To isolate external and internal calcium sources respectively, 10 mM EGTA in calcium-
free HBSS and 1 µM thapsigargin in normal HBSS were used for chamber setup and flow. To 
allow for complete emptying of internal stores by thapsigargin, rest time prior to imaging was 
increased to 20 minutes. Vehicle controls were examined for each treatment: Ca2+-free HBSS alone 
for EGTA, and 0.1% v/v ethanol in normal HBSS for thapsigargin.   
2.2.4 Calcium Imaging 
Fura Red was excited at 490 nm with emission collected at >650 nm on an inverted 
fluorescence microscope, where increasing [Ca2+]i resulted in decreased fluorescence, tracked for 
individual cells by collecting fluorescence intensity versus time for a circular region encompassing 
a majority of the cell body. Fluorescence intensity was normalized to average intensity prior to 
flow onset and inverted to represent relative [Ca2+]i. A custom Matlab (Mathworks) code 
calculated percent responding cells, peak magnitude, peak latency (time to max value after flow 
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onset), and percent of responders with oscillating (two or more) peaks. A responding cell was 
defined as having a peak magnitude greater than 20% above the pre-flow average to exclude any 
false responses due to natural variation in baseline levels of calcium. 
2.2.5 Statistical Analysis. Peak magnitude, peak latency, Calcein transfer quantification, and 
cilia length were evaluated via ANOVA with Tukey HSD post-hoc testing (p < 0.05 or lower), 
presented as mean ± standard deviation with outliers removed under the criteria of ±2 standard 
deviations. Categorical data (percent responding cells, percent oscillating responders) were 
analyzed via Fisher’s Exact Test with Holms-Sidak correction for multiple comparisons (p < 0.05).  
 
2.3 Results 
2.3.1 Characterizing Calcium Peak and Response Dependence on Serum 
Figure 2.2   Representative calcium transient of FLS in response to fluid-induced shear stress. [Ca2+]i is 
steady at equilibrium, rises sharply with flow onset to maximum value (peak magnitude) after slight delay 
(peak latency), then returns to equilibrium levels. Area under curve (AUC, dashed region) indicates total 
calcium flux. Fluorescence intensity of calcium indicator dye is normalized to average value prior to flow 
and set at 1 to represent relative changes in [Ca2+]i. 
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FLS demonstrated a robust calcium signaling response to fluid shear characterized by a 
rapid increase in intracellular calcium following a slight delay after initiation of flow, followed by 
a gradual return to equilibrium levels (Figure 2.2). This signaling event occurred in a coordinated 
fashion among a subset of the population with a slight delay after flow onset and was dependent 
upon a minimal level of serum in the flow media, which increased percentile response in a dose 
dependent manner.  In the absence of serum, <5% of cells responded to 0.05 Pa shear stress (Figure 
2.3a). Inclusion of 0.1% FBS in the flow media resulted in a significant increase in percentile 
response to 16% (Figure 2.3a, p < 0.001), while 0.5% FBS further increased percentile response 
to 48% (Figure 2.3a, p < 0.001).  The ability of FLS to mount a calcium signaling response to a 
chemical agonist in the absence of serum was confirmed with subsequent addition of 100 µM ATP 
to the flow solution via a secondary syringe, which resulted in a 90% response with 
characteristically robust peaks (Figure 2.3b). 
Figure 2.3   Dose dependence of percent responding FLS to shear stress on minimal concentration of fetal 
bovine serum (FBS) in flow solution (a). Significant increases in responding cells observed for 0.1% and 
0.5% FBS over low response without FBS. Calcium signaling in absence of serum was confirmed with 
addition of chemical agonist (100 µm ATP) resulting in sharp peak in 90% of FLS. *p<0.001 vs. 0% FBS 
or indicated groups. N = 200 cells per group, pooled across duplicate slides. 
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2.3.2 Dose Dependence of Response Metrics to Shear Stress Magnitude 
FLS response to shear stress was dose dependent on magnitude with respect to percentile 
response, peak magnitude, AUC, and peak latency for 0.005, 0.05, and 0.5 Pa shear stress. 
Percentile response increased significantly from 23% to 57% and 89% respectively (Figure 2.4a, 
p < 0.001). Mean peak magnitude increased significantly for 0.5 Pa at 1.53 ± 0.09 normalized 
[Ca2+]i compared to 1.41 ± 0.12 normalized [Ca
2+]i and 1.43 ± 0.10 normalized [Ca
2+]i for 0.005 
and 0.05 Pa respectively (Figure 2.4b, p < 0.001). Mean AUC increased significantly with each 
stress level from 22.3 ± 6.3, to 31.2 ± 11.2, and 37.2 ± 10.2 normalized [Ca2+]i*s respectively 
(Figure 2.4c, p<0.001). Mean peak latency significantly decreased from 112 ± 45 s with 0.005 Pa 
to 76 ± 24.6 s with 0.05 Pa, and 51.2 ± 19 s with 0.5 Pa (Figure 2.4d, p < 0.001). 
Figure 2.4   Dose dependence of response metrics on shear stress level. Percent responders (a), mean peak 
magnitude (b), and mean AUC (c) increased significantly with order of magnitude increases in shear stress, 
while mean peak latency significantly decreased (d). *p<0.001 vs. 0.005 Pa or indicated groups. N reported 
on each bar, pooled across triplicate slides per group. 
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2.3.3 Role of Internal and External Calcium Sources in Signaling 
To elucidate the dynamics of intracellular calcium contributing to the observed signaling 
response, experiments were performed in the absence of external calcium sources (calcium-free 
HBSS with 10 mM EGTA) or with internal calcium stores depleted (1 µM thapsigargin).  Removal 
of external calcium resulted in a complete abolishment of response to 0.1 Pa shear stress, in 
comparison to a highly responsive control with 91% response at this shear level (Figure 2.5a, p < 
0.001).   
Figure 2.5   Percentile response of FLS to 0.1 Pa shear stress with external and internal calcium sources 
isolated (a).  *p<0.001 vs. Control for given stimulus.  ^Response characterized by slow rise, not 
characteristic sharp peak.  N = 200 cells per group across duplicate slides.  Representative [Ca2+]i transients 
for FLS responding to fluid shear and subsequent introduction of 100µM ATP via reservoir switching, for 
control media (solid line), 1mM EGTA (short dash) and 1µM thapsigargin (long dash) (b). 
 
Stimulation with ATP resulted in 9% responding cells in the presence of EGTA, 
significantly fewer than 96% in controls (Figure 2.5a, p < 0.001).  A vehicle control of calcium-
free HBSS only resulted in 14% response to fluid shear, demonstrating that a minimal level of 
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response occurs with the residual calcium in the system when EGTA is not included (not shown).  
Treatment with thapsigargin significantly reduced percentile response to fluid shear and ATP 
versus controls, to 48% and 53% respectively (Figure 2.5a, p < 0.001).  The thapsigargin vehicle 
had no significant effect on percentile response to fluid shear compared to controls (not shown).  
Qualitatively, while EGTA abolished shear-induced responses, calcium peaks in response to ATP 
in this condition had sharp peaks like those observed in controls.  In contrast, calcium transients 
in response to both shear and ATP in the presence of thapsigargin were characterized by a gradual 
rise to lower peak magnitudes (Figure 2.5b). 
 
2.4 Discussion 
Synovial fibroblasts are key contributors to the synovial joint environment, producing 
molecules important for lubrication and extracellular matrix turnover (Hung, Pollack et al. 1995, 
Denko, Boja et al. 1996, Harsha and Joyce 2011, Hoey, Downs et al. 2012). Such downstream 
functions have been directly linked to whole joint flexion, and fluid-induced shear stress 
specifically (Ingram, Wann et al. 2008, Yanagida-Suekawa, Tanimoto et al. 2013). The present 
study further elucidates this process of mechanotransduction by characterizing a key upstream 
event in cellular response to mechanical stimuli in the form of calcium signaling. 
The robust calcium peaks observed in a portion of FLS exposed to fluid shear stress (Figure 
2.2) were reminiscent in shape and timing to other cell types in the musculoskeletal system (Hung, 
Pollack et al. 1995, Hung, Allen et al. 1997). While an exact range of physiologic shear stress 
magnitudes has not been characterized for the complex geometry of the articulating joint, work on 
fluid shear response in other cell types has focused on much higher ranges up to 3.5 Pa for primary 
bone cells (Allen, Hung et al. 2000), 2.5 Pa for ligament fibroblasts (Hung, Allen et al. 1997), and 
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4.2 Pa for chondrocytes (Edlich, Yellowley et al. 2001). An estimate of fluid shear stress 
magnitudes experienced by the synovium can be obtained by considering fluid flow between 
moving parallel plates, which yields a range from 0.1 to 1000 Pa, given reasonable assumptions 
of spacing between tissues, relative sliding speed, and fluid viscosity (Appendix A.1). Key metrics 
of the FLS response such as percent of responding cells, and peak magnitude and latency, were 
dose dependent in ranges down to 0.005 Pa (Figure 2.4) and demonstrated similar levels of 
response as other cell types exposed to shear stresses orders of magnitude higher. This suggests 
that synovial fibroblasts are highly sensitive to fluid shear, and that it is a relevant physical stimulus 
for synoviocyte function. Future work will characterize the response of FLS to a wider range of 
stress magnitudes (Appendix A.2), and attempt to better model the range of fluid shear stress 
generated within the native synovial capsule during articulation. 
Under the conditions of the current study, serum in the flow media was required to elicit a 
calcium transient response to applied shear stress (Figure 2.3a), while calcium transients in 
response to ATP were observed in media with or without serum (Figure 2.3b). These findings are 
reminiscent of studies on endothelial mechanobiology that have indicated a requirement for 
agonists such as adenosine triphosphate in the flow media to elicit fluid shear-induced calcium 
transients (Mo, Eskin et al. 1991, Nollert and McIntire 1992). The dose dependence of percentile 
response on serum concentration observed here compares with our earlier work on bone cells that 
demonstrated serum can modulate the calcium response, increasing mechanosensitivity to applied 
shear (Allen, Hung et al. 2000). Other work on synovial joint biomechanics such as wear testing 
protocols specifying bovine serum as the lubricant (Harsha and Joyce 2011) point to the inclusion 
of serum as a relevant physiological parameter for in vitro model systems, as synovial fluid is an 
ultrafiltrate of plasma and includes growth factors found in serum (Denko, Boja et al. 1996). Our 
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team has studied the maintenance of native cartilage explants in synovial fluid (Albro, Durney et 
al. 2014), and shown that shearing of native synovial fluid can activate growth factors such as 
latent TGF-beta that may modulate biological behavior of the surrounding joint tissues (Albro, 
Cigan et al. 2012). Additional work has been completed to characterize fluid shear response with 
native synovial fluid as the perfusion media to investigate FLS mechanosensitivity in a more 
physiologic model system (Appendix A.2). 
To elucidate the dynamics of intracellular calcium contributing to the observed response 
peak experiments were performed in the absence of external calcium sources (calcium-free HBSS 
with 10 mM EGTA) and with internal calcium stores depleted (1 µM thapsigargin).  Removal of 
external calcium resulted in a complete abolishment of response, indicating that intake of calcium 
from the extracellular environment is a key event in producing the observed signaling response. 
Significantly reduced percentile response to ATP in these conditions suggested a similar 
dependence on external calcium in response to this potent chemical agonist (Figure 2.5). Treatment 
with thapsigargin significantly reduced percentile response to fluid shear and ATP versus controls, 
indicating that release of internal calcium stores is also necessary to potentiate the robust calcium 
peaks observed in normal conditions. Qualitatively, while EGTA abolished shear-induced 
responses, calcium peaks in response to ATP in this condition had sharp peaks like those observed 
in controls.  In contrast, calcium transients in response to both shear and ATP in the presence of 
thapsigargin were characterized by a gradual rise to lower peak magnitudes (Figure 2.5b), which 
may be indicative of external calcium entering the cell, which fails to induce a larger sharp peak 
in the absence of internal calcium stores. 
The results of the present study demonstrate that FLS are highly sensitive to fluid shear, 
responding to even low-magnitude stress with robust calcium signaling that relies on mobilization 
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of both internal and external calcium, and requires a minimal concentration of serum present. This 
characterization provides the foundation for investigation of the specific mechanisms of this 
mechanotransduction and determining the effect of factors in the OA environment thereupon. 
Additional preliminary work was performed to validate the in vitro monolayer culture model 
employed in the initial characterization of fluid shear-induced calcium signaling by demonstrating 
this response occurs at more physiologic conditions in synovium explants (Appendix A.2). 
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Chapter 3 




The downstream cellular function of fibroblast-like synoviocytes (FLS) is known to play a 
key role in maintaining the lubricative properties within the synovial joint (Smith 2011, Hui, 
McCarty et al. 2012). Changes in this normal function have been implicated in diseases of the joint 
such as osteoarthritis (OA) where the pro-inflammatory cytokines released by inflamed synovium 
shift chondrocyte anabolic to catabolic activities that elevate degradative enzymes, breaking down 
cartilage and inhibiting tissue repair and regeneration (Abramson and Attur 2009, Bartok and 
Firestein 2010).  Gentle oscillatory shear has been shown in vitro to modulate FLS response to 
interleukin-1 (IL-1), a pro-inflammatory cytokine elevated in OA (Sun, Nalim et al. 2009).  These 
results point to a coupling between FLS mechanotransduction in the normal joint environment and 
the enhanced chemical stimuli present in pathological conditions.  
The present study seeks to further elucidate this relationship by investigating the effect of 
IL-1 preconditioning on the calcium signaling response of FLS to fluid shear, and on known 
potentiators of mechanotransduction as possible mechanisms for this modulation of 
mechanosensitivity. The work described herein first investigates intercellular communication as 
an effector of population-level response to fluid shear. Previous work has demonstrated that the 
calcium signaling response of synoviocytes to direct mechanical manipulation via micropipette 
can propagate from cell to cell via gap junctions (D'Andrea, Calabrese et al. 1998). The role of 
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intercellular communication of calcium signaling via gap junctions was thus investigated as a 
mediator of population-level mechanosensitivity to fluid shear, and the effects of IL-1 thereupon. 
To further assess the role of intercellular communication in population level responses in more 
native conditions, experiments were conducted to investigate the interaction of the two 
predominant cell types in the synovium, FLS and macrophage-like synoviocytes (MLS) under 
conditions of fluid shear stress. The interaction of these two cell types, and their individual 
sensitivity to mechanical stimuli, are particularly relevant to the OA environment, as we have 
observed drastic increases in macrophage ratio in synovium explants cultured under inflammatory 
conditions (Stefani, Halder et al. 2018). 
The primary cilia, a cellular structure implicated in individual cellular response to fluid 
shear, was then investigated as a potentiator of the effect of IL-1 on mechanotransduction. Primary 
cilia are non-motile microtubule-based structures that emanate from the cell surface of many 
mammalian cells (Hoey, Downs et al. 2012) including synoviocytes (Ou, Ruan et al. 2009, Rattner, 
Sciore et al. 2010), and are considered critical effectors of cell mechanotrandsuction (Lu, Du et al. 
2008, Malone, Anderson et al. 2008, Besschetnova, Kolpakova-Hart et al. 2010). Primary cilia 
length has been shown to modulate mechanosensitivity to fluid shear in osteocytes (Spasic and 
Jacobs 2017). Previous work has demonstrated that elongation of the primary cilia by cytokine 
treatment mediates the inflammatory response of chondrocytes (Wann and Knight 2012). This 
work seeks to both characterize the relationship between key aspects of the primary cilia, namely 
its length and rate of occurrence within a population of FLS, with mechanosensitivity to fluid 
shear, and determine the effect of IL-1 on these properties. 
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These experiments were first conducted in juvenile bovine FLs, in continuation of the 
initial characterization of calcium signaling response to fluid shear (Chapter 2). This model 
provided a consistent source of FLS from healthy tissue that represents a best-case scenario in 
terms of baseline cellular function and has been well defined in our previous research (Silverstein, 
Stefani et al. 2017, Stefani, Halder et al. 2018). The present study then investigates the effect of 
IL-1 on mechanosensitivity to fluid shear in FLS from both healthy and OA human donors. While 
more limited in availability and varied in nature, these cell sources demonstrate that the effects 
observed in the bovine model are clinically relevant and can provide further information as to the 
influence of disease state, gender, and age on synoviocyte mechanosensitivity. In order to more 
fully elucidate the processes of mechanotransduction, the present study finally employed both 
healthy and OA human FLS to study the interactions of disease state, cytokine preconditioning, 
and exposure to fluid shear on downstream functions such as proliferation and lubricant 
production. Finally, bovine explants were used in a custom culture device to demonstrate these 
downstream effects of fluid shear in native explant tissues. 
 
3.2 Materials and Methods 
3.2.1 Synoviocyte Isolation and Culture 
Bovine FLS were isolated and cultured as previously described (Chapter 2.2.1). Human 
synovial tissues were obtained from the medial and lateral femoral condyles of 12 patients with 
OA during total knee arthroplasty (IRB AAAQ2703). Individual patient age, gender, and grade of 
OA, indicated as ‘age-gender-grade’ were as follows: 66-M-4, 78-M-4, 86-M-4, 56-F-4, 62-F-4, 
63-F-4, 69-F-3, 69-F-4, 73-F-4, 74-F-4, 77-F-4, 78-F-4. Healthy synovial tissue was obtained from 
the synovial plica of one patient undergoing arthroscopic surgery to repair a torn ACL (18-M-0) 
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and from a patient undergoing total hip arthroplasty after fracture (88-F-0) (IRB AAAQ2703). An 
additional healthy donor cell line (34-M-0) was purchased (Cell Applications Inc.). Within a few 
hours of retrieval, synovium was digested in collagenase type II (Worthington Biochemical 
Corporation, Lakewood, NJ) for 2-3 hours with shaking at 37°C. Resulting cell suspensions were 
filtered through 40 μm porous nylon mesh (Corning Inc). FLS and MLS populations were isolated 
using a CD14 Dynabeads (ThermoFisher) negative selection protocol, as FLS and MLS are 
characteristically CD14 negative and positive respectively (Fox, Warnock et al. 2010, Sampat, 
O'Connell et al. 2011). Briefly, the original cell suspension was incubated in Dynabeads and 
magnetically separated based on CD14 expression. For passaging, viable FLS (CD14-) were 
cultured as previously described (Chapter 2.2.1), and MLS (CD14+) were plated at a density of 
1.76·103 cells/cm2 and expanded for two passages in αMEM containing 10% FBS, 1% antibiotic–
antimycotic, and 10 ng/ml macrophage colony-stimulating factor (ThermoFisher) (Zhang, 
Goncalves et al. 2008). 
3.2.2 Cytokine Experiment Fluid Shear Setup 
After plating in silicone wells on collagen-coated slides and allowed to attach overnight, 
bovine FLS were preconditioned for 24 hr with 10 ng/ml IL-1α prior to imaging, with parallel 
untreated controls. Human FLS were prepared similarly but preconditioned with IL-1β, as this 
isoform of the cytokine has been shown to be more potent in adult animal models (Kuroki, A.M. 
et al. 2005). 10 ng/mL IL-1 preconditioning was used for an initial fluid shear experiment with 
individual donors to asses donor variability in responsiveness to fluid shear and effect of cytokine 
thereupon. Due to limitations in cell number, subsequent experiments were performed with the 
purchased cell line of healthy FLS (34M), and a pooled population of FLS from a set of 6 OA 
donors (66M, 78M, 62F, 69F, 73F, 77F). To address concerns of human FLS sensitivity to 
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supraphysiologic levels of IL-1, these subsequent human FLS experiments employed the 
physiologic concentration of 0.1 ng/mL IL-1 for a 24 hr preconditioning. 
All fluid shear experiments were performed as previously described (Chapter 2.2.2), with 
exposure to 0.05 or 0.1 Pa fluid shear stress in bovine and human FLS respectively, to obtain a 
moderate percentile response in control conditions for each species. Changes in intracellular 
calcium ([Ca2+]i) were tracked with Fura Red-AM (Life Technologies) at 5 µM incubated for 40 
min at 37 °C. Dye-loaded slides were placed in a custom parallel plate flow chamber (Figure 2.1) 
with syringe pump and allowed to equilibrate for 10 min prior to application fluid flow-induced 
shear stresses calculated at the wall of the chamber (Hung, Allen et al. 1997). 100 µM ATP was 
used as a positive chemical control for calcium response, introduced into the chamber after 
initiation of flow via a dual-syringe switching system.   
Flow experiments with bovine FLS were conducted in Hank’s Buffered Salt Solution 
(HBSS) (with calcium) at room temperature, supplemented with 0.5% fetal bovine serum. 
Subsequent experiments in human FLS utilized a custom heating stage on the microscope to keep 
the chamber at 37°C during equilibrium and throughout imaging. Physiologic temperature was 
found to enhance response to fluid shear compared to room temperature (not shown), though the 
latter condition provided adequate sensitivity for the initial studies in bovine FLS. 
3.2.3 Calcium Source Experiments 
To determine if IL-1 preconditioning effects specific aspects of calcium mobilization, 
experiments to isolate external and internal calcium sources during exposure to fluid shear were 
conducted with bovine FLS as previously described (Chapter 2.2.3). 10 mM EGTA in calcium-
free HBSS and 1 µM thapsigargin in normal HBSS were used for chamber setup and flow. To 
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allow for complete emptying of internal stores by thapsigargin, rest time prior to imaging was 
increased to 20 minutes. Vehicle controls were examined for each treatment: Ca2+-free HBSS alone 
for EGTA, and 0.1% v/v ethanol in normal HBSS for thapsigargin. 
3.2.4 Quantification of Gap Junction Communication 
A dye transfer assay was employed to confirm blocking of gap junctions by octanol, 
determine influence of IL-1 on intercellular communication in bovine FLS, and assess intercellular 
communication in human FLS/MLS cocultures. Briefly, FLS monolayers were cultured for 24 hr. 
Separate ‘parachute’ FLS or MLS in suspension were then loaded with 2 µM Calcein-AM 
(Invitrogen) and 4 µM DiI (Invitrogen) and plated at low density onto the monolayer.  Neighboring 
cells exhibiting transferred Calcein were counted after 4 hrs, for 40 parachute cells (identified by 
non-transferred DiI), pooled across triplicate slides per group. Subsets of FLS monolayers received 
1 mM octanol for 20 min, or 10 ng/mL IL-1α for 24 hr prior to addition of parachute cells. 
3.2.5 Gap Junction Fluid Shear Experiments 
To isolate contribution of intercellular communication to shear response, 1 mM octanol 
was included in the media for chamber setup, 20 min equilibration, and flow to block gap 
junctions.  All fluid shear data were collected as previously described (Chapter 2.2.4) for 100 cells 
per slide, pooled across 2-3 slides per group. 
3.2.6 Macrophage Coculture Experiments 
Cocultures of FLS and MLS, representing pure populations of both cell types, and 90:10 
or 50:50 ratios of the two respectively, were cultured in silicon isolators on glass slides for 24 hr 
prior to imaging as previously described. For bovine cocultures, MLS were pre-labeled with the 
non-transferrable fluorescent indicator DiI as previously described to visually identify them during 
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fluid shear experiments, and further differentiate neighboring FLS from those not in contact with 
MLS. Loading with DiI was found to inhibit calcium signaling response to fluid shear in human 
MLS, and so similar imaging experiments were conducted with blinded coculture populations to 
determine the sensitivity of each cell type separately and the effect of increasing MLS ratio. 
3.2.7 Primary Cilia Measurements 
Bovine and human FLS were preconditioned with 10 ng/mL IL-1 or 0.1 ng/mL respectively 
for 24 hr prior to fixation in 4% paraformaldehyde and immunohistochemical staining with 2 
µg/mL Alexa-488-tagged alpha-acetylated tubulin (Santa Cruz Biotechnology) for visualization 
of primary cilia and counterstained with TRITC-conjugated phalloidin (Millipore) and DAPI (Life 
Technologies) for cytoskeleton and nuclear visualization respectively. For human FLS the tubulin 
antibody strongly stained all microtubules in cell, allowing for visualization of the cell body with 
this channel and DAPI alone, while still displaying the primary cilia as distinctly brighter 
fluorescent extensions from the cell. Counting and measurement of primary cilia length was 
performed with Zen Blue (Zeiss) software. 
3.2.8 Primary Cilia Length and Incidence Experiments 
To investigate the specific contributions of changes to length and incidence of the primary 
cilia, additional groups of healthy human FLS (34M) were preconditioned with 10 mM lithium 
chloride to induce increases in cilia length (Nakakura, Asano-Hoshino et al. 2015, Thompson, 
Wiles et al. 2016), or in serum-free media (αMEM with 1% antibiotic–antimycotic) to induce 
increases in cilia incidence by promoting cell-cycle synchronization (Lim, McGlashan et al. 2015). 
FLS were prepared for immunohistochemical imaging the measure cilia length and incidence and 
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for fluid shear experiments as previously described, in parallel with IL-1 preconditioned and 
untreated controls. 
3.2.9 Fluid Shear Culture Experiments 
Healthy (34M) and OA (pooled) human FLS were plated in Type-1 collagen-coated 6-well 
dishes at a cell density equivalent to that used for imaging experiment slides and cultured for 5 
days until forming a dense monolayer. Separate groups for each donor group were then 
preconditioned with 0.1 ng/mL IL-1 for 24 hr, then cultured under 0.1 Pa fluid shear via oscillatory 
shaking at 100 rpm in 4 ml of media (Salek, Sattari et al. 2012) for 24 hr. Similar culture conditions 
were applied to bovine synovium explants installed in a modified 6-well plate (Figure 3.1). 
Figure 3.1   Custom culture device created by modifying a standard 6-well plate with an acrylic platen to 
hold bovine synovium explants in place with a silicon gasket (red ring) during culture under orbital shaking 
to induce fluid shear stress. 
 
Media was saved and analyzed for hyaluronan content via the CTAB assay (Oueslati, 
Leblanc et al. 2014), and cell monolayers and explants were analyzed for proliferation and 
metabolic activity via the PicoGreen Assay (Life Technologies) and MTT (3-(4,5-
Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) assay (Kupcsik 2011) respectively. 
Briefly, monolayers and explants were incubated for 4 h with 0.5 mg/mL MTT in growth media, 
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then the media was replaced with a 1:1 solution of isopropanol and dimethyl sulfoxide and 
incubated overnight to solubilize the dye. For monolayers, cell scrapers were used to collect the 
solubilized dye and cell monolayer into 1.5 mL Eppendorf tubes, then spun down for 20 min at 
1500 rpm to separate the dye, which was read in a colorimetric plate reader for absorbance as a 
relative measure of cell metabolic activity. Monolayer cell pellets and explant tissues were 
digested in 0.5 mg/mL proteinase-K (Sigma) prior to DNA quantification via PicoGreen. 
3.2.10 Statistical Analysis 
Peak magnitude, peak latency, Calcein transfer quantification, and cilia length were 
evaluated via ANOVA with Tukey HSD post-hoc testing (p < 0.05), presented as mean ± standard 
deviation with outliers removed under the criteria of ±2 standard deviations. A three-way ANOVA 
with Tukey HSD post-hoc testing (p < 0.05) was used for fluid shear culture experiments where 
disease state (Donor), IL-1 preconditioning (Cytokine) and exposure to fluid shear during culture 
(Fluid Shear) were all factors. Categorical data (percent responding cells, percent oscillating 
responders) were analyzed via Fisher’s Exact Test with Holms-Sidak correction for multiple 
comparisons (p < 0.05 or lower).  
3.3 Results 
3.3.1 Interleukin-1 Effect on Fluid Shear Response in Bovine FLS 
3.3.1.1   Effect of IL-1 on Peak Metrics of FLS Calcium Signaling Response to Fluid Shear 
Modulation of bovine FLS shear response by IL-1 was confirmed, with preconditioning 
resulting in a significantly higher percentile response to 0.05 Pa shear stress of 97% compared to 
controls at 42% (Figure 3.2a, p < 0.001). IL-1 preconditioning also significantly increased mean 
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peak magnitude at 1.55 ± 0.05 normalized [Ca2+]i compared to 1.39 ± 0.14 normalized [Ca
2+]i in 
controls (Figure 3.2b, p < 0.001), and mean AUC at 43.3 ± 18 normalized [Ca2+]i*s versus 28.8 ± 
9.4 normalized [Ca2+]i*s in controls (Figure 3.2c, p < 0.001). Mean peak latency was significantly 
decreased from 73.2 ± 51.5 s in controls to 35 ± 10.7 s with IL-1 (Figure 3.2d, p < 0.05). 
 
Figure 3.2   Effect of IL-1α (IL1) preconditioning on bovine FLS response to shear stress. IL1 significantly 
increased percent responders (a), mean peak magnitude (b), and AUC (c), while significantly decreasing 
mean peak latency (d). *p<0.001 vs. CTL. N reported on each bar, pooled across triplicate slides per group. 
 
3.3.1.2   Effect of IL-1 on Internal and External Calcium Mobilization 
Removal of external calcium resulted in a complete abolishment of response to 0.05 Pa 
shear stress in both IL-1-preconditioned and control bovine FLS (Table 3.1). Stimulation with 100 
µM ATP resulted in characteristic calcium peaks in 9% of FLS compared to 96% with ATP in 
control conditions (not shown). A vehicle control of calcium-free HBSS only resulted in 14% 
response to fluid shear, demonstrating a minimal level of response occurs with residual calcium in 
the system (not shown). Treatment with thapsigargin significantly reduced percentile response to 
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13% and 3% in control and preconditioned FLS respectively (Table 3.1, p<0.001). The 
thapsigargin vehicle had no significant effect on percentile response to fluid shear compared to 
controls (not shown).  
Table 3.1   Effect of removing external and internal calcium sources on bovine FLS response to shear, for 
control and IL1-preconditioned cells. No response observed with external calcium removed (EGTA). Low 
percentile response observed with internal calcium depleted (thapsigargin). *p<0.001 vs. control within 
column. #p<0.001 vs. control within row. ^Response characterized by slow rise, not characteristic peak. N 
= 300 cells per group across triplicate slides.  
 
Calcium transients of control FLS in the presence of thapsigargin were characterized by a 
gradual rise (higher peak latency) to lower peak magnitudes in comparison to the sharp peaks 
observed in normal conditions (Figure 3.3). Though fewer IL-1-preconditioned FLS responded in 
the presence of thapsigargin and achieved lower maximum values, the shape of calcium transients 
retained a characteristic sharp peak (Figure 3.3). 
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Figure 3.3   Representative transients for control (black) and IL1-preconditioned (gray) FLS to shear stress 
in control (solid), EGTA (dotted), and thapsigargin (dashed) conditions. Removal of external calcium 
(EGTA) resulted in no response to fluid shear in both groups, while removal of internal calcium stores 
(thapsigargin) resulted in higher latency, lower magnitude responses that differed in shape between control 
and IL1-preconditioned FLS. 
 
3.3.1.3   Effect of IL-1 on Gap Junction Communication 
Preconditioning with IL-1 led to a dramatic increase in gap junction communication 
compared to control bovine FLS as visualized by calcein transfer between cells (Figure 3.4a, c), 
while blocking of gap junctions with octanol was confirmed with diminished dye transfer in both 
controls and IL-1 preconditioned FLS (Figure 3.4b, d). Quantifying the extent of gap junction 
communication by the number of neighboring cells with calcein transfer present, IL-1 
preconditioning resulted in a significant increase of 81 ± 26 cells per parachute compared to 40 ± 
12 cells in control populations (Figure 3.5, p < 0.001). Blocking of gap junctions by 1mM octanol 
was confirmed in both groups with a significant reduction in dye transfer to 10 ± 3 cells and 13 ± 
6 for control and preconditioned cells respectively (Figure 3.5, p<0.001). 
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Figure 3.4   Representative images showing calcein dye transfer, an indicator of gap junction 
communication, after 4 hr to surrounding cells from ‘parachute’ cells (arrow). IL-1-preconditioning (c) 
significantly increased calcein transfer compared to control FLS (a), while blocking of dye transfer by 1mM 
octanol (OCT) was confirmed for both groups (b, d). 
 
Figure 3.5   Quantification of dye transfer to surrounding cells in parachute assay. IL1 preconditioning 
significantly increased transfer rate compared to control FLS. Blocking gap junctions with octanol (OCT) 
significantly decreased transfer for both control and preconditioned groups. *p<0.001 vs. octanol treatment 
within preconditioning group. #p<0.001 vs. CTL. N reported on each bar, pooled across triplicate slides per 
group. 
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Treatment of control FLS populations with octanol to block gap junction communication 
significantly reduced percentile response to 0.05 Pa shear stress from 42% in controls to 21% 
(Figure 3.6a, p < 0.001), with no significant effect on mean peak magnitude, AUC, or latency. For 
IL-1-preconditioned FLS, octanol significantly decreased percentile response to 76%, mean peak 
magnitude to 1.48 ± 0.06 normalized [Ca2+]i and AUC to 30.1 ± 8.5 normalized [Ca
2+]i*s, while 
increasing mean peak latency to 52.7 ± 15.7 s (Figure 3.6a-d). For octanol-treated groups, IL-1 
preconditioning still significantly increased percentile response, mean peak magnitude and AUC 
while decreasing latency versus control FLS (Figure 3.6a-d). 
 
Figure 3.6   Effect of gap junction blocking by octanol (OCT) on shear response for control and IL1-
preconditioned FLS. Percent responders decreased significantly for both control and IL1-preconditioned 
groups with octanol (a), compared to without octanol (dotted boxes). Mean peak magnitude (b) and AUC 
(c) significantly decreased, while mean peak latency (d) significantly increased with octanol treatment for 
IL1-preconditioned FLS. Octanol-treated IL1 group also exhibited significance versus octanol-treated 
control FLS for all metrics. *p<0.001 vs. CTL+OCT. #p<0.001 vs. respective non-octanol group. N reported 
on each bar, pooled across triplicate slides per group. 
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3.3.1.4   Effect of IL-1 on Primary Cilia Length and Incidence 
IL-1 preconditioning significantly increased primary cilia length in bovine FLS, with an 
average of 4.22 ± 1.37 µm compared to 3.17 ± 1.04 µm in controls (Figure 3.7a, p < 0.001). 
Primary cilia incidence was also significantly increased, with 27% of preconditioned FLS 
exhibiting cilia compared to 19% in controls (Figure 3.7b, p < 0.001). Representative images show 
primary cilia in IL-1-preconditioned and control FLS with characteristic cilia lengths for each 
group (Figure 3.7c,d). 
 
Figure 3.7 Effect of IL1 preconditioning on bovine FLS primary cilia. Preconditioning significantly 
increased mean cilia length (a) and percent of cells expressing cilia (b) compared to control FLS. *p<0.001 
vs. control. N reported on each bar, pooled across triplicate slides per group. Representative images of FLS 
primary cilia (arrows), with actin and nuclear counterstaining for visualization (c, d). 
 
3.3.1.5 Effect of Macrophage Coculture on Population Response to Fluid Shear 
Calcium signaling response to 0.05 Pa fluid shear was analyzed for co-cultures of FLS and 
MLS at a physiologic 90:10 ratio respectively. Co-labeling of MLS with a non-transferrable dye 
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allowed for tracking of distinct subpopulations: MLS within the co-culture as well as FLS in 
contact with MLS (FLS(c)) or not in contact (FLS(nc)) (Figure 3.8a). The latter FLS groups were 
analyzed to determine if direct cell-cell communication between neighboring MLS and FLS had 
any effect on responsiveness of either cell type. Percentile response of the total co-culture 
population (CoCu) was significantly higher at 54% compared to FLS-only controls at 40% (Figure 
3.8b, p = 0.003). Analysis of subpopulations revealed that the driving mechanism for increased 
population response in co-culture monolayers was a higher response among MLS, which was 
significantly higher than all groups at 70% (Figure 3.78, p < 0.0001). Direct contact with MLS did 
not appear to influence percentile response. FLS in contact and not in contact with MLS responded 
at 41% and 47% respectively, and were not significantly different from each other, the pooled co-
culture group, or the FLS-only control (Figure 3.8b). 
Figure 3.8   FLS/MLS coculture at native 90:10 ratio. FLS (red) showing [Ca2+]i indicator Fura Red, while 
MLS (green) are co-labeled with DiI (overlaid on Fura Red image). FLS subpopulations were analyzed 
separately based on being in contact with MLS (FLS(c)) or not (FLS(nc)) (a). Percentile response of FLS-
only population (FLS) in comparison to FLS/MLS co-culture (CoCu), and breakdown within CoCu of 
individual cell populations described in (a). *p<0.05. N = 300 cells pooled across triplicate slides. 
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3.3.2 Interleukin-1 Effect on Healthy and OA Human FLS Mechanosensitivity 
to Fluid Shear Stress 
 
3.3.2.1    Effect of IL-1 on Fluid Shear Response of Individual Healthy and OA Donors 
Preconditioning FLS with 10 ng/mL had a significant, though differing effect on percentile 
response to fluid shear across all healthy and OA donors (Figure 3.9).  
Figure 3.9   Calcium peak metrics for response to 0.1 Pa fluid shear stress of FLS from individual healthy 
(H, blue) and diseased (OA, green) donors of varying age and gender after 24 hr preconditioning with 10 
ng/mL IL-1α (dotted) with parallel untreated controls (solid). N = 300 cells/slide pooled across 3 
slides/group. *p<0.05 vs. untreated CTL (within donor). 
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The three healthy donors (18M, 34M, 88F) demonstrated a consistent level of percentile 
response in untreated controls, with 76.2%, 68.8%, and 75.5% response respectively. IL-1 
significantly decreased percentile response to 39.8%, 52%, and 46.8% respectively (Figure 3.9a, 
p < 0.05). The percentile response in untreated controls, as well as the magnitude and direction of 
effect of IL-1 varied between OA donors. In three donors (63F, 69F, and 78F), IL-1 also caused a 
significant decrease in percentile response compared to untreated controls from 47.5% to 24%, 
85.7% to 54.3%, and 63.7% to 45.7% respectively (Figure 3.9a, p < 0.005). For the other three OA 
donors (86-M, 56-F, 74-F) the effect of IL-1 was in keeping with previous observations in bovine 
FLS, with significant increases in percentile response over controls from 38.5% to 84%, 20.5% to 
68.5%, and 13.5% to 40.5% (Figure 3.9a, p < 0.05). 
 Additional peak metrics analyzed followed similar trends as seen in bovine FLS with 
respect to percentile response, peak latency was inversely related to percentile response, and peak 
magnitude and area under curve (AUC) were directly related. Specifically, peak latencies were 
significantly increased with IL-1 in two of the healthy donors (34M and 88F) compared to controls, 
from 31.4 ± 11.1 s to 54.5 ± 22.7 s, and 36.6 ± 13.4 s to 42.3 ± 16.8 s (Figure 3.9b, p < 0.05). All 
OA donors with heightened percentile response (86M, 56F, 74F) demonstrated significant 
decreases in peak latency with IL-1 versus control from 72.3 ± 18.5 s to 34.4 ± 13 s, 83.3 ± 22.2 s 
to 40.1 ± 20.9 s, and 74.2 ± 23.1 s to 35.5 ± 23.3 s (Figure 3.9b, p < 0.05). Two OA donors with 
decreased percentile response (69F and 78F) followed this inverse relationship, with peak latencies 
increasing significantly over controls with IL-1 treatment from 26.7 ± 8.4 s to 64 ± 25.8 s and 29.3 
± 5.8 s to 48.6 ± 14.4 s respectively.  
Peak magnitude was significantly decreased with IL-1 in all healthy donors, from 1.48 ± 
0.13 to 1.34 ± 0.12, 1.48 ± 0.13 to 1.41 ± 0.14, and 1.51 ± 0.11  to 1.43 ± 0.13 Normalized [Ca2+]i 
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for 18M, 34M, and 88F respectively (Figure 3.9c, p < 0.05). Two OA donors with decreased 
percentile response (69F and 78F) followed this direct relationship with peak magnitudes 
significantly decreasing with IL-1 treatment from 1.51 ± 0.13 to 1.3 ± 0.07 and 1.49 ± 0.11 to 1.37 
± 0.11 Normalized [Ca2+]i respectively (Figure 3.9c, p < 0.005). Two OA donors with increased 
percentile response also followed this trend (56F and 74F), with peak magnitudes increasing with 
IL-1 from 1.36 ± 0.08 to 1.47 ± 0.09 and 1.28 ± 0.08 to 1.41 ± 0.09 Normalized [Ca2+]i respectively 
(Figure 3.9c, p < 0.05).  
Similar direct trends with percentile response were also observed in area under curve 
(AUC) of the calcium transients, a measure of the total calcium flux during the response. One 
healthy donor (18M) and one OA donors (63F) with decreased percentile response also showed 
significantly decreased AUC with IL-1 treatment, from 37.4 ± 20.9 to 32 ± 13, and 16.2 ± 6.2 to 
15.5 ± 4.5 Normalized [Ca2+]i*s respectively (Figure 3.9d, p < 0.05). Three OA donors with 
increased percentile response (56F, 69F, and 78F) also had increased AUC with IL-1 treatment, 
from 30.5 ± 13.6 to 46 ± 25.8, 24.4 ± 11.8 to 34.3 ± 14.1, and 33 ± 14.5 to 42.9 ± 19.5 Normalized 
[Ca2+]i*s respectively (Figure 3.9d, p < 0.05). 
3.3.2.2    Effect of Physiologic Concentrations of IL-1 on Fluid Shear Response of 
Representative Healthy and OA FLS 
For healthy (34M) and OA (pooled) FLS exposed to physiologic concentrations of IL-1, the effect 
on key peak metrics was consistent with previously observed results in bovine FLS, with 
significant differences observed between disease state as well. IL-1 preconditioning significantly 
increased percentile response over untreated controls in both healthy and OA FLS, from 40% to 
72.7% and 29% to 64% respectively (Figure 3.10a, p < 0.05). Additionally, the baseline percentile 
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response of untreated OA FLS was significantly lower than that of healthy FLS (Figure 3.10a, p < 
0.05). Mean peak magnitudes were directly related to percentile response, with healthy and OA 
FLS showing significant increases with IL-1 over controls, from 1.43 ± 0.08 to 1.53 ± 0.12, and 
1.45 ± 0.08 to 1.46 ± 0.11 Normalized [Ca2+]i respectively (Figure 3.10b, p < 0.05).  
Figure 3.10   Calcium peak metrics for response to 0.1 Pa fluid shear stress of FLS from individual healthy 
(blue) and pooled OA donors (green) after 24 hr preconditioning with 0.01 ng/mL IL-1α (dotted) with 
parallel untreated controls (solid). N = 300 cells/slide pooled across 3 slides/group. *p<0.05 vs. untreated 
CTL (same donor), #p=0.059 vs. Healthy CTL. 
 
Mean peak latency was again inversely related to percentile response, decreasing with IL-
1 treatment in healthy and OA FLS from 70.8 ± 27.6 s to 44 ± 11.8 s, and 64.7 ± 18.5 s to 39.3 ± 
11.4 s respectively (Figure 3.10c, p < 0.05). While no significant trends were observed in peak 
AUC, the incidence of responding cells with oscillating peaks was found to be affected by disease 
state, where OA FLS had a 10.1% incidence compared to no oscillating responses in healthy FLS. 
Treatment with IL-1 significantly increased the percentile of oscillating responses in both healthy 
and OA FLS to 5.7 and 33.9% respectively (Figure 3.10d, p < 0.05). 
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3.3.2.3    Role of Primary Cilia in Fluid Shear Response and Effect of IL-1 
 To further investigate modulation of the primary cilia as a mechanism for the IL-1 effect 
on fluid shear response, and determine the specific contributions of cilia incidence and length, 
healthy (34M) human FLS were preconditioned with positive chemical controls for increasing cilia 
incidence and length (serum-free media (serum starvation, SS) and 10 mM lithium chloride (LC) 
respectively) for 24 hr in parallel to untreated and IL-1 treated groups for fluid shear experiments 
and imaging of primary cilia. Analysis of cilia characteristics via immunohistochemistry 
demonstrated a similar effect of IL-1 as observed in bovine FLS, increasing both cilia incidence 
and length, while the positive chemical controls were confirmed to increase only incidence in the 
case of serum starvation, or only length in the case of lithium chloride (representative images 
shown in Figure 3.11a-d).  
Figure 3.11   Immunohistochemical staining showing representative length and incidence of primary cilia 
(arrows) of healthy human FLS preconditioned with 0.1 ng/mL IL-1, 10 mM lithium chloride (LC), or 
serum starvation (SS) for 24 hr with untreated controls (CTL). Internal cellular microtubules also fluoresce 
(green), along with DAPI-counterstained nuclei (blue) for visualization of cell body. 
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Specifically, both IL-1 and serum starvation significantly increased cilia incidence from 
50% in untreated controls to 75% and 73% respectively, with lithium chloride having no 
significant effect (Figure 3.12a, p < 0.05). Similarly, both IL-1 and lithium chloride significantly 
increased cilia length from 2.4 ± 0.78 µm in untreated controls to 3.98 ± 1.29 µm and 3.61 ± 0.88 
µm respectively, while serum starvation had no effect (Figure 3.12b, p < 0.005). 
Figure 3.12   Quantification of primary cilia incidence (a) and length (b) of healthy human FLS 
preconditioned with 0.1 ng/mL IL-1, 10 mM lithium chloride (LC), or serum starvation (SS) for 24 hr with 
untreated controls (CTL). N = 66-113 cells/group pooled across 3 slides/group with 10 regions analyzed 
within each. *p < 0.05 vs. untreated CTL. 
 
The effect of these changes to cilia characteristics by LC and SS on fluid shear response 
metrics was evaluated in parallel to untreated and IL-1 preconditioned groups. Both LC and SS 
treatment resulted similar effects as IL-1, resulting in higher percentile response while peak latency 
decreased, and percent oscillators increased, though neither had a significant effect on peak 
magnitude. LC and SS both significantly increased percentile response compared to 40% in 
controls, to 55.3% and 70.3% respectively (Figure 3.13a, p < 0.05). While there was no significant 
difference between the two treatments, LC was significantly lower when compared to IL-1 (Figure 
3.13a, p < 0.05). LC and SS treatments both significantly decreased peak latency from the 
untreated control value of 70.8 ± 27.6 s, to 31.6 ± 17.5 s and 37.2 ± 9.3 s respectively. Percent 
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oscillators was increased by LC, though not significantly, from no oscillators to 2.4%. SS treatment 
significantly increased percent oscillators compared to control and LC to 9.5%. 
Figure 3.13   Calcium peak metrics for response to 0.1 Pa fluid shear stress of healthy FLS after 24 hr 
preconditioning with 10 mM lithium chloride (LC) or serum-free media (SF). Lines indicate parallel 
untreated control (dashed) and IL-1 preconditioned (dotted) FLS. N = 300 cells/slide pooled across 3 
slides/group. *p<0.05 vs. untreated CTL, Vp<0.05 vs. IL-1, #p < 0.05 vs. LC. 
 
3.3.2.4   Effect of Macrophage Coculture on Population Response to Fluid Shear 
An additional study was performed to assess the fluid shear response of pure populations 
of fibroblast-like synoviocytes (FLS) and macrophage-like synoviocytes (MLS) compared with 
cocultures at the physiologic ratio of 90% FLS and 10% MLS (90:10), and a 50:50 ratio 
representing the increase in MLS ratio associated with OA progression. MLS had a significantly 
higher percentile response of 48.7% compared to 27.3% in FLS (Figure 3.14a, p < 0.05), higher 
mean peak magnitude of 1.39 ± 0.1 versus 1.32 ± 0.08 Normalized [Ca2+]i (Figure 3.14b, p < 0.05), 
and percent oscillators of 11.6% versus 3.7% (Figure 3.14c, p < 0.05). The 50:50 coculture was 
also higher in each metric, significantly increasing percentile response to 57% (Figure 3.14a, p < 
0.05) and peak magnitude to 1.38 ± 0.11 Normalized [Ca2+]i (Figure 3.14b, p < 0.05), and percent 
oscillators to 7.6% (Figure 3.14c, p < 0.05). The physiologic coculture ratio of 90:10 showed no 
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significant differences from FLS only in percent of responders or oscillating responses, but did 
significantly increase peak magnitude to 1.37 ± 0.08 Normalized [Ca2+]i (Figure 3.14b, p < 0.05). 
Figure 3.14   Key peak metrics of fluid shear response for populations of FLS, MLS, and cocultures 90:10 
and 50:50 ratios respectively. MLS and cocultures with 50% MLS demonstrated significantly higher values 
in all metrics compared to FLS. N = 300 cells/slide pooled across 3 slides/group. *p < 0.05 vs. FLS, ^p < 
0.05 vs. 90:10. 
 
 To further investigate mechanisms of MLS contribution to population-level 
mechanosensitivity in coculture with FLS beyond individual cell sensitivity to fluid shear, a 
parachute assay was performed to assess the extent of gap junction communication from MLS to 
neighboring cells in an FLS monolayer, compared to FLS parachute cells.  
Figure 3.15   Quantification of dye transfer to surrounding cells in FLS monolayer in parachute assay. MLS 
parachutes demonstrated significantly increased transfer rate compared to FLS parachutes. *p<0.05 vs. FLS. 
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Gap junction communication as quantified by number of neighboring cells exhibiting 
calcein transfer around a parachute FLS or MLS was found to be significantly higher with MLS, 
at 86 ± 19 cells/parachute compared to 62 ± 9 cells/parachute with FLS parachutes (Figure 3.15, p 
< 0.05). 
3.3.2.5   Effect of IL-1, Disease State, and Fluid Shear on Downstream Function 
To further characterize the processes of mechanotransduction in conditions of the OA 
environment, the effects on IL-l, disease state, and extended exposure to fluid shear on the 
downstream functions of FLS were studied. Culture under fluid shear significantly increased 
proliferation as quantified by DNA content of the monolayer compared static culture for healthy 
untreated FLS (Figure 3.16, p < 0.05). Similar, though non-significant trends were observed for 
IL-1 preconditioned healthy FLS and both control and IL-1 treated OA FLS. Within static or shear 
conditions, IL-1 also induced slight, though non-significant increases in proliferation across both 
donor groups. The three-way ANOVA analysis showed that all three factors were significant 
sources of variation (p = 0.001, 0.0065, and 0.0113 for Shear, Donor, and Cytokine respectively). 
Figure 3.16   DNA content of healthy and OA FLS monolayers culture in static conditions (Static) or 0.1 
Pa fluid shear (Shear) after IL-1 preconditioning, with parallel untreated controls. N = 6 wells/group. *p < 
0.05 vs. indicated group. 
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 Analysis of the metabolic activity of FLS monolayers via the MTT assay demonstrated that 
when normalized by DNA, culture under fluid shear significantly decreased the relative metabolic 
activity of healthy untreated FLS compared to those in static culture (Figure 3.17, p < 0.05), with 
similar but non-significant trends observed in IL-1 treated healthy FLS. Despite similar levels of 
DNA, both untreated and IL-1 preconditioned OA FLS demonstrated lower metabolic activity than 
healthy FLS across static and shear culture, with a significantly lower activity in untreated OA 
FLS in static culture compared to healthy FLS in the same conditions (Figure 3.17, p < 0.05). The 
three-way ANOVA analysis showed that fluid shear and donor were significant sources of 
variation (p = 0.001 and 0.0001 respectively). 
Figure 3.17   Relative metabolic activity as quantified by MTT absorbance, normalized by DNA content 
of healthy and OA FLS monolayers culture in static conditions (Static) or 0.1 Pa fluid shear (Shear) after 
IL-1 preconditioning, with parallel untreated controls. N = 6 wells/group. *p < 0.05 vs. indicated group, #p 
< 0.05 vs. healthy FLS in same conditions.  
 
 Secretion of the lubricating molecule hyaluronan (HA) into the media during culture was 
also significantly decreased in fluid shear compared to static culture for untreated healthy FLS 
when normalized by DNA (Figure 3.18a, p < 0.05). The three-way ANOVA analysis showed that 
fluid shear alone was a significant source of variation (p = 0.0058). The non-normalized secretion 
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of hyaluronan, which would represent the total contribution of the FLS to the HA concentration in 
the synovial fluid, was significantly increased with IL-1 treatment for the healthy FLS cultured in 
fluid shear, in comparison to untreated healthy FLS cultured in the same conditions (Figure 3.18b, 
p < 0.05). The same significant trend was also observed in control and IL-1 treated OA FLS in 
static culture (Figure 3.18b, p < 0.05). The three-way ANOVA analysis showed that donor and 
cytokine were significant sources of variation (p = 0.034 and p = 0.0001 respectively). 
Figure 3.18   Hyaluronan (HA) secretion into media, normalized by DNA (a) and absolute (b), for healthy 
and OA FLS monolayers culture in static conditions (Static) or 0.1 Pa fluid shear (Shear) after IL-1 
preconditioning, with parallel untreated controls. N = 6 wells/group. *p < 0.05 vs. Control within donor 
and culture condition or indicated group. 
 
 Bovine synovium explants cultured for 24 hr under 0.1 Pa fluid shear demonstrated a 
significant decrease in DNA content (Figure 3.19a, p < 0.05), with ± µg/sample compared to ± 
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Figure 3.19   DNA content (a), metabolic activity (b), and hyaluronan (HA) secretion into media of bovine 
synovium explants cultured in 0.1 Pa fluid shear for 24 hr (Fluid Shear), compared unloaded controls in 
static culture (Static). Fluid shear significantly decrease DNA content, while significantly increased both 
metabolic activity and HA secretion. N = 6/group. *p < 0.05 vs. Static. 
 
3.4 Discussion 
Fibroblast-like synoviocytes (FLS) both respond and contribute to the secretion of 
inflammatory cytokines into the synovial fluid (Denko, Boja et al. 1996) and their response to the 
pro-inflammatory cytokine IL-1 has been shown to be modulated by fluid shear (Sun, Nalim et al. 
2009). In the current study, we sought to further the understanding of this interplay between 
chemical and mechanical stimuli in the OA joint environment by first characterizing the calcium 
signaling response of FLS to fluid shear in a juvenile bovine model, testing the hypothesis that IL-
1 modulates key aspects of this response, and exploring mechanisms for both normal shear sensing 
and its modulation by IL-1. The present work then sought to confirm the modulation of fluid shear 
response by IL-1 in a clinically relevant in vitro model utilizing FLS from healthy and OA donors, 
and further characterize this effect on mechanotransduction to upstream signaling as well as 
downstream function in longer term culture. 
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Previous experiments determined that in the current conditions, simple exposure to IL-1 
without fluid shear does not elicit a calcium response in FLS. Rather, we observed here that IL-1 
preconditioning influenced both bovine and human FLS response to fluid shear, increasing 
percentile response, percent oscillators, peak magnitude, and AUC, while decreasing both the 
mean and variance of peak latency (Figures 3.2, 3.9, and 3.10). The variance observed between 
human FLS from individual healthy and OA donors in these metrics for control FLS, and the effect 
of IL-1 thereupon, suggests potential influences of age, gender, and disease state on baseline 
mechanosensitivity (Figure 3.9). Current efforts to isolate and cryopreserve FLS from a wider 
range of human donors will support future work to better determine the influence of these factors. 
The variability of IL-1 effect on human FLS also indicated a potential over-sensitization 
of to the supraphysiologic cytokine concentration commonly employed in previous in vitro work 
(Goldring, Fukuo et al. 1994, Lima, Tan et al. 2008, Blasioli and Kaplan 2014, Stefani, Halder et 
al. 2018). Additional experiments with FLS from a representative healthy human donor and pooled 
OA donors preconditioned with 0.1 ng/mL were found to recapitulate the effects previously 
observed in the bovine model (Figure 3.10). Interestingly, these results present for the first time a 
significant modulation of FLS mechanosensitivity by a concentration of IL-1 that is physiologic 
to the native OA environment. Together, the results across both models point to IL-1-enhanced 
mechanosensitivity at the population and individual level, with more FLS responding to applied 
shear with larger calcium transients, in a more immediate and coordinated fashion. 
Drug experiments were performed during initial experiments with the bovine FLS model 
to determine the effect of IL-1 on calcium mobilization dynamics. For both control and 
preconditioned FLS, elimination of external calcium with EGTA resulted in a complete 
abolishment of shear response, while depletion of internal calcium stores with thapsigargin led to 
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a significant decrease in percentile response (Table 3.1, Figure 3.3). In control FLS the response 
with thapsigargin was characterized by a slow rise in intracellular calcium, while IL-1-
preconditioned FLS still exhibited characteristic transients with sharp peaks. Together these results 
suggest the calcium signaling event depends on both external and internal stores and is 
characterized by an initial intake of external calcium (the slow rise observed when internal stores 
are depleted), which is required to trigger the release from internal calcium stores necessary to 
produce the sharp peak observed. This scenario is supported by other examples of calcium-induced 
calcium release as a signaling mechanism in cells of the musculoskeletal system (Endo 2009). The 
differences observed in responses with thapsigargin suggest that IL-1 may influence specific 
pathways that enable FLS to mount a sharper calcium transient in the absence of internal stores, 
which will be the subject of future work into calcium mobilization. 
The decreased calcium response of bovine FLS to fluid-shear in the presence of octanol 
(Figure 3.6), a chemical inhibitor of gap junctions (Spray, White et al. 1985, Kolomytkin, Marino 
et al. 2002), suggests that cell-to-cell communication contributes in part to the overall synovial 
monolayer response to applied shear. Intercellular communication allows the coordination of cell 
metabolism between tissues as well as sensitivity to extracellular stimuli (Guo, Takai et al. 2006). 
Cell-to-cell coupling through gap junctions support the formation of complex cellular networks 
that favor the intercellular exchange of nutrients and second messengers (D'Andrea, Calabrese et 
al. 1998). Gap junctions are present in the synovium (Kolomytkin, Marino et al. 2000), and have 
been shown to affect increased production of matrix metalloproteinases by FLS subjected to pro-
inflammatory cytokines (Kolomytkin, Marino et al. 2002, Marino, Waddell et al. 2004) as well as 
constitutively in clinical OA samples (Marino, Waddell et al. 2004). 
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Previous work has shown increases in gap junction communication with IL-1β in lapine 
synovial fibroblasts (Niger, Howell et al. 2009). The current work confirmed this result with IL-
1α in bovine FLS (Figures 3.4, 3.5), as this isoform of interleukin has been shown to be more 
effective in the juvenile bovine model (Lima, Tan et al. 2008). This increase in cell-cell 
communication may contribute to the enhanced shear response with IL-1 preconditioning, as this 
phenomenon was shown to contribute to the overall FLS population response. However, the 
persistence of a significant effect of IL-1 on all response metrics when gap junctions were blocked 
(Figure 3.6) indicates that modulation of individual cell mechanosensing may play a dominant 
role. 
To that end, the effect of IL-1 preconditioning on the primary cilia was then investigated, 
as this organelle is considered an effector of individual cell mechanosensing, and alterations to its 
length have been implicated in fluid shear sensing (Lu, Du et al. 2008, Malone, Anderson et al. 
2008, Besschetnova, Kolpakova-Hart et al. 2010, Spasic and Jacobs 2017). Here we demonstrated 
first in bovine FLS that IL-1 preconditioning significantly increases both the length and incidence 
of primary cilia (Figure 3.7), as previously seen in chondrocytes and 3T3 fibroblasts (Wann and 
Knight 2012). A cell line of healthy human FLS (Cell Applications, Inc.) that has been widely 
used for research in synoviocyte biology (Braun, Kim et al. 2014, Zimmermann-Geller, Koppert 
et al. 2016, Yuki, Mitsuyoshi et al. 2017) was then employed to confirm this effect of IL-1 in a 
clinically relevant in vitro model. In addition to an increase in both length and cilia with 
physiologic concentrations of IL-1, the positive chemical controls of lithium chloride and serum 
starvation were confirmed for independently increasing length and incidence respectively, in order 
to assess their relative contributions to heightened fluid shear response (Figures 3.11 and 3.12). 
Independent increases in primary cilia length and incidence each resulted in significant increases 
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in percentile response, percent oscillating responders, and decrease in peak latency, similar to the 
effects observed with IL-1 (Figure 3.13). Primary cilia incidence however appeared to be the more 
potent mediator of both the percent of responding cells and of those cells with oscillating peaks. 
These results support the reasoning that while cilia length modulates individual cell 
mechanosensitivity in terms of if a cell will respond, and the magnitude of this response, increasing 
the number of cells with cilia will have stronger impact on the overall responsiveness of a given 
population. The demonstration then that IL-1 significantly affects both characteristics further 
supports that modulation of the primary cilia is key mechanism of the influence of this cytokine 
on fluid shear sensing. 
In further consideration of the mechanosensitivity at the population level, the present study 
then sought to investigate the influence of cell type on the response to fluid shear. The preceding 
work focused on FLS as they are the predominant cell type in healthy synovium, comprising up to 
90% of the population. The remaining 10% however are made up primarily of macrophage-like 
synoviocytes (MLS), which have distinctly different functions within the healthy synovial joint 
and contributions to the OA environment during disease progression (Valencia, Higgins et al. 
2004). MLS are not associated with secretion of lubricant molecules as FLS are, but have also 
been shown to release cytokines and degradative enzymes that contribute to cartilage degradation 
in the inflammatory environment of OA (Bondeson, Wainwright et al. 2006, Monemdjou, Fahmi 
et al. 2010). The ratio of MLS is known to increase in OA, and we have previously demonstrated 
such increases have been specifically to be induced by IL-1 treatment in bovine and human 
synovium explants (Stefani, Halder et al. 2018). The work presented here first in the bovine model 
demonstrates that inclusion of MLS to the cell population even at the physiologic ratio of 10% 
significantly increases the percentile response of the cell population (Figure 3.10). Analysis of 
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specific subpopulations within these cocultures revealed that this increase was driven by a higher 
sensitivity of MLS themselves and did not affect neighboring FLS. Further experiment with FLS 
and MLS isolated from pooled OA donors also showed that MLS have a significantly higher 
response to fluid shear, and that increasing the percentage of MLS in cocultures to 50% to mimic 
the effect of IL-1 previously observed, further increases the responsiveness of the population 
(Figure 3.14).  
Previous work has demonstrated gap junctions mediate intercellular calcium signaling 
between chondrocytes and synovial cells in coculture (D'Andrea, Calabrese et al. 1998). While the 
results in bovine FLS did not support a role for such communication in the effect of MLS on 
coculture mechanosensitivity, a parachute assay did demonstrate that intercellular communication 
via gap junctions from MLS to surrounding cells in coculture was higher than FLS (Figure 3.15). 
Given the previous results demonstrating the significant effect of gap junctions on population 
response to fluid shear, future work will continue to investigate intercellular communication 
between different cell types in the synovium, as well as aspects of their individual 
mechanotransduction. 
To more fully elucidate the processes of mechanotransduction beyond upstream calcium 
signaling, the healthy and OA human FLS models were employed to investigate changes to 
downstream cellular function in conditions of IL-1 preconditioning followed by culture with 
continuous exposure to fluid shear via orbital shaking. Previous work has demonstrated increases 
in synthesis of the lubricants hyaluronan (HA) and lubricin at both the mRNA and protein level 
with culture under exposure to fluid shear for 24 and 48 hr (Yanagida-Suekawa, Tanimoto et al. 
2013). The experimental conditions however were relatively limited in their definition as ‘low’ 
and ‘high’ shear stress based on orbital shaking RPM. Other work in the field of fluid dynamics 
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however has provided an estimated shear stress magnitude for the conditions employed in the 
present study (Salek, Sattari et al. 2012), which resulted in the same 0.1 Pa stress generated during 
imaging experiments in the parallel-plate flow chamber.  
Culture under these conditions of fluid shear resulted in trends of increasing DNA content 
across all healthy and OA FLS groups (Figure 3.16), while metabolic activity and HA secretion 
when normalized by DNA both decreased (Figures 3.17 and 3.18a respectively), indicating that 
while cells proliferated, they were individually less biosynthetically active. When considering total 
(non-normalized) HA however, as the contribution of this increased cell population to the HA 
concentration of synovial fluid in the native case, a significant increase over controls was observed 
only when IL-1 and fluid shear culture were combined, suggesting an interplay between these two 
factors (Figure 3.18b). In the case of bovine explants cultured in the same fluid shear conditions, 
proliferation significantly decreased while both metabolic activity and HA secretion significantly 
increased (Figure 3.19). Future work will explore a wider range of fluid shear magnitudes, as well 
as more physiologic loading programs to mimic the intermittent activity of daily motion and sleep 
cycles, to better reconcile the differences observed between the in situ results presented here and 
elsewhere, and those in native explant synovium reported for the first time here. Further work will 
focus on the interaction of IL-1 preconditioning with subsequent culture under fluid shear in order 
to better understand the ramification of pathologic heightening of mechanosensitivity on 
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Chapter 4 
Cartilage Wear Particles Modulate Fibroblast-Like Synoviocyte Mechanosensitivity to 
Fluid-Induced Shear Stress 
4.1 Introduction  
Synovitis is commonly observed in early and late stage osteoarthritis (OA), indicating that 
the synovium may play a key role in disease progression (Wenham and Conaghan 2010). In the 
inflamed synovium, resident fibroblast-like and macrophage-like synoviocytes (FLS and MLS) 
both respond to pro-inflammatory factors, stimulating further production of cytokines and 
degradative enzymes by synoviocytes and chondrocytes that leads to cartilage degeneration. 
Histological changes to the synovium include a pannus-like thickening and increased cellularity, 
and patients with even mild synovitis can experience pain and stiffness caused by fibrotic 
shortening (Wenham and Conaghan 2010, Scanzello and Goldring 2012). Given that changes to 
the synovial lining precede cartilage damage (Hugle and Geurts 2017), it is important to understand 
the role that different pro-inflammatory mediators have on the synovium throughout disease 
progression.  
In addition to potent chemical mediators of the inflammatory environment such as 
cytokines, physical factors like cartilage wear particles (CWP) are created as the articular surfaces 
degrade. CWP are generated by mechanical and chemical degradation of the articulating cartilage 
surfaces in the OA environment, and released into the surrounding synovial fluid where they 
eventually attach to the synovium itself. In addition to changes in tissue composition such as 
hypertrophy, surgeons have observed cartilage particles attached to and embedded within the 
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synovium in patients with OA (Lloyd Roberts 1953). Acute traumas to the synovial joint such as 
meniscal tears or direct damage to the cartilage can also disrupt the overall biomechanics of the 
knee joint, increasing instability and surface roughness while releasing cartilaginous debris 
(Stachowiak, Stachowiak et al. 1997, Scanzello and Goldring 2012). Studies of extracted synovial 
fluid from healthy and osteoarthritic human knees have observed changes in cartilage particle 
number and physical descriptors such as size and roughness correlated with grade of disease 
(Podsiadlo, Kuster et al. 1997, Kuster, Podsiadlo et al. 1998). In lapine, canine, and equine in vivo 
studies, injection of cartilage particles into the knee joint led to rapid development of synovitis 
followed by gradual onset of fibrotic synovium thickening and decreased cartilage thickness, 
similar to traditional animal models of OA such as ACL transection or meniscal release (Chrisman, 
Fessel et al. 1965, Evans, Mazzocchi et al. 1984, Kuroki, Cook et al. 2011). Our group has also 
demonstrated that CWP stimulate pro-inflammatory and pro-degradative behaviors such as 
increased proteinase activity, cellular proliferation, collagen synthesis, and nitric oxide production 
in bovine FLS monolayers during static culture (Silverstein, Stefani et al. 2017, Silverstein, Stoker 
et al. 2017). 
The present study seeks to build on these results in static culture by demonstrating that like 
the cytokine IL-1, CWP modulate FLS behavior in culture conditions under fluid shear, altering 
mechanosensitivity to this physical stimulus in both bovine and human in vitro models. The work 
described here utilizes the imaging methods previously employed to study cytokine modulation of 
FLS calcium signaling response to fluid shear. Tracking of particle attachment to FLS during such 
imaging experiments was performed to determine if modulation of cell behavior by CWP was 
contact-dependent. Additionally, the effect of CWP on intercellular communication via gap 
junctions was investigated, as this was previously shown to be a key effector of population level 
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mechanosensitivity. These results aim to demonstrate that CWP are a relevant pathologic mediator 
of mechanotransduction in the OA environment and serve as a foundation for further investigation 
on the effect of CWP on both cell-level function and tissue-level properties. 
 
4.2 Materials and Methods 
4.2.1 Cell Isolation and Culture 
Bovine FLS were isolated from synovium explants and cultured as previously described 
(Chapter 2.2.1). Briefly, isolated cells were expanded in αMEM + 10% FBS, antibiotic/mycotic, 
and 5 ng/mL bovine FGF for two passages to obtain a pure population (Sampat, O'Connell et al. 
2011). For experiments in the human model the healthy FLS (34M) from Cell Applications Inc. 
was utilized and cultured similarly as previously described (Chapter 3.2.1). 
4.2.2 Cartilage Wear Particle Generation 
Cartilage wear particles (CWP) were generated from cartilage explants collected from 
juvenile bovine knees at the time of synovium explant harvest, and from expired human cartilage 
tissue grafts obtained from the Musculoskeletal Transplant Foundation (Edison, NJ) and stored at 
4 °C until use. As described previously (Silverstein, Stefani et al. 2017), cartilage samples were 
submerged in sterile PBS and manually abraded with waterproof 120 grit sandpaper (McMaster-
Carr, Elmhurst, IL). Effort was made to ensure that no underlying bone or plastic was abraded 
during the process, and residual sandpaper grit was removed gravimetrically, followed by filtration 
with a 70 μm porous nylon mesh filters to remove large aggregates and achieve a pure dispersion 
of sub-70 μm diameter CWP. An aliquot of the resulting solution was diluted in PBS and counted 
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and sized using a Multisizer 4 Coulter Counter (Beckman Coulter, Brea, CA) (Oungoulian, Chang 
et al. 2013), which determined the average diameter of particles to be 22 µm. 
4.2.3 Fluid Shear Experiments 
For calcium imaging experiments, bovine and human FLS monolayers were cultured in 
silicon isolators on collagen-coated glass slides as previously described (Chapter 2.2.2). A solution 
of CWP in media was added on top of the FLS monolayers on slides at a concentration of 250 
particles/cell, following the concentration previously shown to modulate metabolic activity of 
bovine FLS in static culture (Silverstein, Stefani et al. 2017), and allowed to attach for 24 hr prior 
to imaging with parallel untreated controls. In subsequent experiments with human FLS, CWP 
were labeled with the fluorescent DTAF (dichlorotriazinylaminofluorescein) dye, allowing for 
visualization particles during fluid shear imaging to differentiate subpopulations within the treated 
slides of FLS that either had particles attached to them or did not. Separate imaging was performed 
with a custom quasi-3D microscope (Qiu, Baik et al. 2011), allowing for visualization of CWP-
treated FLS from top an side angles to visually confirm attachment of the particles to the cell 
surface. 
For fluid shear experiments FLS were loaded with the calcium indicator Fura Red at 5 µM 
were exposed to 0.05 Pa fluid shear stress in a parallel plate flow chamber with HBSS + 0.5% 
FBS, and calcium signaling response was analyzed for key metrics as previously described 
(Chapter 2.2.4).  
4.2.4 Quantification of Gap Junction Communication 
A dye transfer assay was employed as previously described (Chapter 3.2.4) to investigate the effect 
of CWP attachment to FLS on subsequent intercellular communication as a possible mechanism 
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for the effect of CWP of fluid shear response. Briefly, FLS monolayers were cultured for 24 hr 
with CWP as previously described with parallel untreated controls. Separate ‘parachute’ FLS in 
suspension were loaded with 2 µM Calcein-AM (Invitrogen) and 4 µM DiI (Invitrogen) and plated 
at low density onto the monolayer.  Neighboring cells exhibiting transferred Calcein were counted 
after 4 hrs, for 40 parachute cells (identified by non-transferred DiI), pooled across triplicate slides 
per group.  
4.2.5   Statistical Analysis 
Peak magnitude, peak latency, and Calcein transfer quantification were evaluated via ANOVA 
with Tukey HSD post-hoc testing (p < 0.05), presented as mean ± standard deviation with outliers 
removed under the criteria of ±2 standard deviations. Categorical data (percent responding cells, 
percent oscillating responders) were analyzed via Fisher’s Exact Test with Holms-Sidak correction 
for multiple comparisons (p < 0.05 or lower). 
 
4.3 Results 
4.3.1 Effect of CWP on Bovine FLS Response to Fluid Shear 
Treatment of bovine FLS monolayers with cartilage wear particles significantly reduced 
the percent of cells with calcium peaks in response to 0.05 Pa fluid-induced shear stress, from 52% 
in untreated controls to 33% (Figure 4.1a, p < 0.05). While peak magnitude or latency were not 
significantly affected by CWP treatment, the mean area under the curve (AUC) for the calcium 
transients, a measure of the total relative calcium flux during the response, was significantly lower 
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with CWP treatment at 27.4 ± 12 Normalized [Ca2+]i*s compared to 40.1 ± 16.7 Normalized 
[Ca2+]i*s in untreated controls (Figure 4.1b, p < 0.05). 
Figure 4.1   Calcium signaling response metrics for FLS treated for 5 days with CWP at 250 particles/cell, 
with parallel untreated controls (CWP). CWP treatment resulted in significant reductions in both percentile 
response and mean peak AUC. N = 300 cells/group with 100 cells/slide pooled across 3 slides/group. *p < 
0.05 vs. CTL. 
  
4.3.2 Effect of CWP on Bovine FLS Gap Junction Communication 
A parachute assay with bovine FLS demonstrated that CWP treatment had the opposite 
effect as IL-1 on intercellular communication via gap junctions, reducing calcein transfer from to 
neighboring cells in comparison to calcein transfer rates in untreated controls (Figure 4.2). CWP 
treatment resulted in a significant decrease in number of cells with dye transfer, from 61.5 ± 9.1 
in untreated controls to 28.2 ± 6.2 (Figure 4.3, p < 0.05). 
Figure 4.2   Representative images showing calcein dye transfer, an indicator of gap junction 
communication, after 4 hr to surrounding cells from ‘parachute’ cells (yellow/bright green). CWP treatment 
inhibited dye transfer in comparison to untreated controls (CTL) and IL-1, which heightened dye transfer. 
Sale bar = 200 µm. 
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Figure 4.3   Quantification of dye transfer to surrounding cells in parachute assay. CWP significantly 
decreased dye transfer in comparison versus untreated controls (CTL), in contrast to the significant increase 
induced by IL-1. N = 30 parachute cells/group with 10/slide pooled across 3 slides/group. *p<0.05 vs CTL. 
 
4.3.3 Visualization of CWP Attachment to Human FLS 
Cartilage wear particles wear particles pre-labeled with DTAF dye were observed attached 
to the cell surface of human FLS in 2D culture after the 5-day treatment (Figure 4.4).  
Figure 4.4   Top and side view of DTAF-labeled CWP (yellow) attached to human FLS (red) cell surface 
after 5 days in culture, imaged with custom quasi-3D microscope. 
 
Visualization of fluorescent CWP on FLS monolayers after installation in parallel-plate 
flow chamber allowed for tracking the response of subpopulations of FLS within the treated slides 
during fluid shear experiments, based on contact with CWP (+CWP vs. -CWP) (Figure 4.5). 
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Figure 4.5   DTAF-labeled CWP (yellow) attached to human FLS monolayer loaded with Fura Red calcium 
indicator dye (red) on slide installed in parallel-plate flow chamber. Subpopulations in treated slides were 
identified by FLS with on or more CWP directly attached to the cell body (+CWP), or FLS with no CWP 
attached (-CWP). 
 
4.3.4 Effect of CWP on Human FLS Response to Fluid Shear 
CWP treatment significantly reduced the percent of responders to fluid-induced shear stress 
from 62% in controls to 43% in the pooled population of treated FLS. When considered separately, 
FLS within the treated groups with CWP attached (+CWP) were significantly lower in percentile 
response at 34% compared to both controls and treated FLS without CWP attached (-CWP), while 
the latter were not significantly different than controls, at 53% (Figure 4.6a, p < 0.05). These trends 
in significance were also repeated for mean peak magnitude, with CTL, pooled CWP, +CWP, and 
-CWP groups having peak magnitudes of 1.38 ± 0.1, 1.35 ± 0.1, 1.23 ± 0.06, and 1.37 ± 0.09 
Normalized [Ca2+]i respectively (Figure 4.6b, p < 0.05). For mean peak latency, only FLS with 
CWP attached had a significant increase, over both CTL and pooled CWP groups, with a latency 
of 43.6 ± 15.8 s compared to 35.1 ± 18 s and 38.4 ± 15.3 respectively (Figure 4.6c, p < 0.05).  
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Figure 4.6   Peak metrics for calcium signaling response to fluid shear of CWP treated FLS. Subpopulations 
of FLS with CWP attached (+CWP) and without any CWP attached (-CWP) were analyzed both separately 
and pooled (CWP) and compared to untreated controls (CTL). FLS with CWP attached (+CWP) 
significantly decreased percentile response (a) and peak magnitude (b) while increasing peak latency (c). 
N = 300 cells/group with 100 cells/slide pooled across 3 slides/group. *p < 0.05 vs. indicated group. 
 
4.4 Discussion 
In the present study we demonstrate that wear particles, a physical consequence of the 
progressive degradation of cartilage in the OA environment, can potentiate a similar modulation 
of normal FLS mechanosensitivity as potent chemical mediators such as IL-1 that have been more 
widely studied as key drivers in OA pathogenesis. Across both bovine and human FLS, CWP were 
found to reduce mechanosensitivity to fluid shear, decreasing the percent of responding cells and 
the size of calcium transient elicited while increasing the delay to respond of application of the 
stimulus (Figures 4.1 and 4.6). The effect of CWP in reducing gap junction communication (Figure 
4.2 and 4.3) observed here agrees with the direct relationship between gap junction communication 
and percentile response previously demonstrated by IL-1 increasing both and provides one 
mechanism for the observed effect of CWP. 
The use of a CWP dosage of 250 particles per cell, which was previously shown to elicit 
metabolic changes in FLS (Silverstein, Stefani et al. 2017), was selected to represent a 
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supraphysiologic concentration that would elicit a timely and measurable response in in vitro 
culture, in keeping with similar practices when studying cytokines like interleukin (Lima, Tan et 
al. 2008). Considering estimations of the volume of articular cartilage present in the human knee 
(Ateshian, Soslowsky et al. 1991) and the average particle size generated, this dosage represents 
only 0.001% of this total volume being applied to a single monolayer. Given the levels of cartilage 
degeneration observed in late stage OA, which can progress through the full thickness of the tissue 
and expose underlying bone, this amount of the total cartilage could feasibly be converted to wear 
particles and accumulate on an area of the synovial intima that corresponds to the cellularity of the 
monolayers cultured in this study. It should be noted that while a dosage of 250 particles/cell is 
applied to the monolayers, the loading efficiency in static culture is limited and cells were often 
observed with far fewer particles attached (Figure 4.4 and 4.5). 
Imaging detailed in this study (Figure 4.4 and 4.5) and our previous work (Silverstein, 
Stefani et al. 2017) determined that CWP attach directly to the cell surface of FLS, suggesting that 
modulation of cell function may be contact-dependent. Integrin attachment may be one key 
mechanism for the interaction between FLS and CWP (Evans, Mears et al. 1981, Sarkissian and 
Lafyatis 1999, Lowin and Straub 20011), especially larger particles that could not eventually be 
phagocytosed. By leveraging the flexibility of the fluid shear imaging system to co-label CWP 
with a fluorescent dye, the present work demonstrated that direct attachment of CWP to FLS, and 
not a global effect of the CWP treatment on the population, mediated the decreased 
mechanosensitivity observed. These results support the further investigation of cell-particle 
interactions as a mechanism of CWP effect of normal FLS function. 
Interestingly, the effect of CWP on FLS mechanosensitivity demonstrated here was 
opposite in nature to that of the previously observed results with IL-1 treatment, and other work 
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implicating increases in gap junction communication in progression of OA (Marino, Waddell et 
al. 2004, Niger, Howell et al. 2009). These results together point to varying effects of factors in 
the OA environment on normal FLS mechanotransduction, which may result in areas of the 
synovium within the native joint that behave differently based on the extent of their exposure to 
each factor. While previous work has observed wear particle attachment to the synovium in clinical 
specimens (Lloyd Roberts 1953), their distribution throughout the joint capsule or tendency to 
aggregate in certain areas of the capsule geometry has yet to be characterized. While soluble 
chemical factors such as pro-inflammatory cytokines may diffuse more freely in the synovial fluid 
throughout the capsule, gradients in concentration may occur as resident cells in the synovium and 
cartilage continue to contribute to the inflammatory and catabolic environment. Future work will 
continue to investigate the modulation of synovium mechanosensitivity by specific factors of the 
OA environment in more native and complex model systems to reconcile the relative contributions 
of each to changes in synovium function and its resulting contribution to disease progression. 
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Chapter 5 
Cartilage Wear Particles Modulate Synovium Tribology 
5.1 Introduction 
During daily activity the articulation of synovial joints like the knee generate a dynamic 
mechanical environment experienced by the resident cells of tissues within the joint. This is 
particularly true of cells like FLS that inhabit the intimal layer of the synovial capsule, a soft 
connective tissue encompassing the entire joint space and directly facing the synovial fluid within. 
As synovial fluid redistributes within the capsule as it deforms during articulation (McCarty, 
Masuda et al. 2011), fluid-induced shear stress is generated in the spaces between apposing tissues 
and at their surfaces. Modeling of this phenomenon for the case of parallel surfaces of articular 
cartilage with a gap of fluid in between has estimated shear stress magnitudes on the order of 1 Pa 
(Pekkan, Nalim et al. 2003). In areas of the articulating joint where tissues instead come in direct 
contact with each other, and a normal force is applied by the muscles that surround the joint and 
potentiate this articulation, the generation of much higher magnitude shear stresses is possible in 
the frictional interactions between these tissue surfaces. The present study seeks to demonstrate 
that this contact-induced shear stress is a relevant physical stimulus for FLS mechanotransduction 
in the synovial joint. Initial experiments are outlined that first characterize the downstream 
response of synovial explants in culture under conditions of sliding contact against cartilage in a 
custom coculture bioreactor.  
In parallel with this investigation into the response of cells within the tissue to sliding 
contact, the present works also seeks to characterize the frictional properties of this interaction 
between biological surfaces. The friction properties of the synovial joint have been widely studied 
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as they pertain to normal joint lubrication and performance of implanted orthopedic materials, with 
very low friction coefficients measure for articular cartilage by our collaborators and others 
(Krishnan, Mariner et al. 2005, Basalo, Chen et al. 2006, Caligaris and Ateshian 2008, Durney, 
Oungoulian et al. 2015, Oungoulian, Durney et al. 2015, Durney, Nims et al. 2016).  
While the synovium is thought to be lightly loaded during articulation, it certainly plays a 
peripheral role in bearing the load of body weight in comparison to the articular surfaces, which 
have been the focus of most work in synovial joint tribology. As such the frictional properties of 
the synovium have not been widely characterized. Early work has established friction coefficients 
for synovium in contact with glass that provide a baseline for measurements and insight into the 
effect of synovial fluid as a lubricant (Radin, Paul et al. 1971, Cooke, Downson et al. 1976), but 
do not utilize biological counterfaces such as cartilage or explore pathologic conditions that may 
affect friction properties.  
As the concentration and molecular weight of lubricants such as HA represents a dynamic 
variable in OA, friction measurements will help to define the contribution of HA to synovium 
lubrication properties that mediate tissue wear and the shear stress transmitted to resident cells. 
While increased friction coefficient of OA synovium has not been reported, we may infer that it 
will based on decreases in the lubricating properties of synovial fluid as well as friction properties 
of the underlying cartilage as it degrades (Basalo, Chen et al. 2006, Szychlinska, Leonardi et al. 
2016). Increased cartilage friction with OA leads to increased chondrocyte apoptosis (Neu, Reddi 
et al. 2010, Waller, Zhang et al. 2012), while shear stress regulates expression and accumulation 
superficial zone protein expression of cartilage (Neu, Khalafi et al. 2007). Tissue mechanical 
properties such as substrate stiffness have been shown to effect cell function, and specifically 
calcium signaling in response to mechanical stimuli (Kim, Seong et al. 2009, Derricks, Trinkaus-
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Randall et al. 2015). In OA, increased friction would result in both elevated tissue wear and 
overloading of cells residing in the synovium. 
Physical factors of the OA environment are known to alter synovium surface topography, 
namely the attachment of cartilage wear particles to the intima (Lloyd Roberts 1953). As such this 
study seeks to characterize the normal frictional properties of the synovium in physiologic loading 
conditions and determine the effect of CWP attachment thereupon. Together this work establishes 
a foundation for future work to elucidate the relationship between tissue-level mechanical 
properties such as friction coefficient and mechanotransduction of resident cells and their 
contribution to disease progression as both are modulated by the OA environment. 
 
5.2 Materials and Methods 
5.2.1 Synovium Explant Culture 
Juvenile bovine synovium and cartilage explants were harvested from calf knees and maintained 
in DMEM + L-Proline, ITS+, sodium pyruvate, and antibiotic/mycotic. For characterization of 
native human synovium, an adult human explant was provided by orthopedic surgeons from a 
patient with OA (75-F-3) harvested during total knee arthroscopies (IRB protocol AAAQ2703) 
and maintained in the same media conditions prior to friction testing. Tissue-engineered samples 
were developed as previously described and tested after 14 days of culture (Stefani, Halder et al. 
2018). 
5.2.2 Synovium Explant Contact Shear Culture 
In order to establish the downstream mechanosensitivity of FLS to other distinct modes of 
shear stress in addition to fluid-induced shear stress, a custom prototype bioreactor was developed 
to culture bovine synovium explants under conditions of sliding contact against a cartilage 
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counterface (Figure 5.1). A custom overhanging top was designed for standard 12-well plates that 
accommodated individual free-moving platens to hold synovium explants affixed by rubber 
gaskets. Each platen was loaded with weights to achieve a normal force resulting a contact pressure 
of approximately 25 kPa. Travel distance was set to create overhang between the platens during 
the full range of motion to allow nutrient diffusion to the tissue during loading. Synovium explants 
were cultured for 24 hr under reciprocating contact cartilage at 1 mm/s sliding speed. These 
conditions were chosen to mirror parameters of the friction testing performed for the same sliding 
contact. Synovium explants were analyzed for DNA content and metabolic activity via the MTT 
assay, while media samples were collected and analyzed for hyaluronan content via the CTAB 
assay as previously described (Chapter 3.2.9). Additional explants were loaded on platens, fixed 
on platens but unloaded, or cultured free-floating in media for 72 hr assessed for viability via 
Live/Dead cytotoxicity imaging (Life Technologies) and MTT as previously described (Chapter 
3) to confirm loading setup was not deleterious to tissues. 
Figure 5.1   Images (a, b) and schematic (c) of custom friction loading bioreactor. Eccentric drive motor 
used to reciprocate synovium loaded onto platens against a cartilage plug fixed directly to bottom of 12-
well dishes (b). 
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5.2.3 Cartilage Wear Particle Generation 
Cartilage wear particles (CWP) were generated from cartilage explants collected from 
juvenile bovine knees at the time of synovium explant harvest. As described previously 
(Silverstein, Stefani et al. 2017), cartilage samples were submerged in sterile PBS and manually 
abraded with waterproof 120 grit sandpaper (McMaster-Carr, Elmhurst, IL). Effort was made to 
ensure that no underlying bone or plastic was abraded during the process, and residual sandpaper 
grit was removed gravimetrically. For initial experiments in bovine juvenile synovium, synovium 
was treated with an undefined distribution of large wear particles, this wear particle solution was 
applied directly onto synovium explants for 5 days in static culture to allow for attachment of 
particles to the intimal surface. To maintain a reasonable loading concentration without the ability 
to count large particles, the total volume of cartilage used to generate particles was quantified and 
wear particle solutions were applied to individual synovium explants at an amount that constituted 
no more that 5% of the estimated total articular cartilage volume of the human knee (Ateshian, 
Soslowsky et al. 1991). 
Subsequent studies used a defined distribution of smaller particles to mimic the conditions 
previously applied for static culture and fluid shear imaging, accomplished via filtration with a 70 
μm porous nylon mesh filters to remove large aggregates and achieve a pure dispersion of sub-70 
μm diameter CWP. An aliquot of the resulting solution was diluted in PBS and counted and sized 
using a Multisizer 4 Coulter Counter (Beckman Coulter, Brea, CA) (Oungoulian, Chang et al. 
2013), which determined the average diameter of particles to be 22 µm. A solution of these CWP 
in media was added on top of synovium explants at concentration resulting in approximately 250 
particles/cell based on previous measurements of the cellularity of explant tissues, following the 
concentrations used in previous in vitro experiments (Silverstein, Stefani et al. 2017). 
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 Attachment of cartilage wear particles to the synovium and their incorporation into the 
synovial intima by migrating synoviocytes was confirmed after 5 days of culture via confocal 
microscopy of fluorescently labeled samples with DTAF-labeled CWP and Calcein Orange (Life 
Technologies) loaded resident synoviocytes. 
5.2.4 Determination of Physiologic Contact Pressure 
 To determine a range of physiologic contact pressures the synovium is exposed to during 
articulation, a small incision was made in the synovial capsule to the left and right of the trochlear 
groove, and a force sensor was inserted into the joint space between the side of femoral condyle 
and the apposing synovial capsule. Force measurement were taken at max flexion angles on both 
medial and lateral sides across three joints (Figure 5.2). A physiologic contact pressure of 25 kPa 
was chosen for shear culture and friction testing experiments based on these measurements. 
Figure 5.2   Contact pressure measurements taken in bovine calf joints under flexion with force 
sensor (a, inset) inserted between femoral condyle and capsule (a), approaching from medial and 
lateral sides of the trochlear groove (a, arrow). Mean peak pressures for each side reported on 
calibration curve for sensor (b).  
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5.2.5 Friction Coefficient Measurements 
A custom two-axis loading device (Krishnan, Caligaris et al. 2004) (Figure 5.3) was 
employed to measure the friction coefficient during sliding contact between synovium explants 
and counterfaces of glass, cartilage, and other synovium (Figure 5.4).  
Figure 5.3   Schematic of custom friction tester for the real-time measurement of friction coefficient of 
native synovial joint tissues in sliding contact motion (adapted from (Krishnan, Caligaris et al. 2004)). 
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Briefly, a multiaxial load cell made continuous measurements of normal and friction forces 
during reciprocal sliding of synovium against a counterface at 1 mm/s, under applied static load 
using weights. Friction coefficients were calculated for each cycle from the ratio of the two forces 
and averaged over a 1 hr test for 6-10 samples per group. During the testing tissues were 
completely submerged within the sample chamber in either PBS, bovine synovial fluid (Animal 
Technologies), or a 50:50 mixture of the two. Two static loading conditions were applied to 
achieve a physiologic ‘low’, and a ‘high contact pressures of 25 kPa and 100 kPa respectively. 
Direct measurements of contact pressures were taken with a force sensor with pseudo-intact bovine 
calf knee joints to determine the physiologic loading of the synovium. 
 
Figure 5.4   Schematic of testing configurations for testing synovium explants (green) affixed to a custom 
platen with a silicon backing (red) by a silicon gasket (red circles) against a glass lens, cartilage explant, or 
similarly prepared synovium. 
 
5.2.6 Statistical Analysis 
Parametric data were evaluated via ANOVA with Tukey HSD post-hoc testing (p < 0.05), 
or Student’s t-test (two-tailed) for experiments with only two groups, with all data presented as 
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5.3 Results 
5.3.1 Effect of Contact Shear Loading on Synovium Downstream Function in Explant 
Cultures 
 
 To first establish contact-induced shear stress as a relevant physical stimulus in synovium 
mechanotransduction, a custom bioreactor was employed to culture synovium explants in sliding 
contact with cartilage. Maintenance of cell viability on the platen out to 72 hr was assessed both 
by Live/Dead stain and metabolic activity as quantified by the MTT assay. Live/Dead staining 
showed a maintenance of viability for synovium fixed onto the bioreactor platens and loaded in 
sliding contact against cartilage, fixed onto the platens and cultured in static media conditions, and 
cultured free-floating in the same media bath as the platens to confirm no deleterious effect by 
fixation onto the platen, loading against cartilage, or the platen materials themselves (Figure 5.5). 
Some areas of dead cells were observed in each case, though cells were predominantly alive across 
all groups. 
Figure 5.5   Live/Dead staining of synovium explants for viability testing of shear culture bioreactor setup. 
Live cells (green) were predominant throughout all tissues, with some areas of dead cells (red) observed in 
each group. 4x magnification. 
 
 
Maintenance of viability was also confirmed by quantifying relative metabolic activity via 
the MTT assay. Culture of synovium fixed on the platen (PLT) and in free-floating culture with 
platen materials (MAT) for 72hr had no significant effect on metabolic activity compared to free-
floating culture controls (CTL) (Figure 5.6). 
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Figure 5.6   Assessment of metabolic activity via the MTT assay to confirm maintenance of viability in 
synovium cultured for 72 hr fixed onto bioreactor platen (PLT), in free-floating culture exposed to platen 
materials (MAT). No significant change in relative metabolic activity was observed compared to free-
floating culture controls in media alone (CTL). N = 3/group. 
 
Culture of synovium under sliding contact with cartilage for 24 hr had no effect, negative 
or positive, on proliferation (Figure 5.7a), but significantly increased metabolic activity, with a 
relative normalized MTT absorbance of 28.3 ± 6.7 compared to 13.5 ± 1.2 in static culture controls 
(Figure 5.7b, p > 0.05). A slight, but nonsignificant (p = 0.17) increase in hyaluronan (HA) 
secretion was also observed (Figure 5.7c). 
Figure 5.7   DNA content (a), relative metabolic activity (MTT) normalized by DNA (b), and hyaluronan 
(HA) secretion normalized by DNA (c) of bovine synovium explants cultured on platens in sliding contact 
with cartilage for 24 hr, with parallel controls (Static, platens and cartilage in static media with gap 
between). Contact shear culture had no effect on proliferation, while significantly increasing metabolic 
activity, and slightly but not significantly increasing HA secretion. *p < 0.05 vs. Static culture control.  
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5.3.2 Characterizing the Normal Friction Properties of Synovium 
Initial experiments characterizing the tissue-level mechanical properties relevant to sliding 
contact between tissues focused on the friction coefficient of synovium itself against a glass 
counterface, and the effect of contact pressure and lubricant. Friction coefficients followed distinct 
time courses over the one-hour test for synovium tested in PBS and synovial fluid, at 25 and 100 
kPa contact pressure. Friction coefficient remained at a constant equilibrium value throughout the 
test for 25 kPa in both synovial fluid and PBS, with lower coefficients observed in the former. At 
100 kPa however, friction coefficient rose with time at the beginning of the test before reaching a 
peak value within the first 20 minutes and then settling to an equilibrium value. This effect was 
observed in both synovial fluid and PBS, though was much more pronounce in the latter (Figure 
5.8). 
Figure 5.8   Friction coefficient as a function of time over duration of 60 min test for synovium against a 
glass counterface at either 25 or 100 kPa contact pressure, in PBS or bovine synovial fluid (SF). 
 
A direct correlation between increasing contact pressure and friction coefficient was 
observed for equilibrium coefficient of synovium-on-glass when performed in PBS, with mean 
friction coefficient significantly increasing from 0.013 ± 0.006 at 25 kPa contact pressure to 0.063 
± 0.049 at 100 kPa (high load) (Figure 5.9, p < 0.05). In synovial fluid (SF) friction coefficient 
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remained low with no significant differences between both low and high loads and with less 
variance between samples, at 0.084 ± 0.00096 and 0.0145 ± 0.01 respectively. The friction 
coefficient at 100 kPa in PBS was also significantly higher than the two values obtained in synovial 
fluid (Figure 5.9, p < 0.05). 
Figure 5.9   Mean equilibrium friction coefficient (taken as average of final 100 cycles in test) for 
synovium-on-glass testing at 25 or 100 kPa contact pressure, in PBS or bovine synovial fluid (SF). N = 9-
10 samples/group. *p < 0.05 vs. indicated group. 
 
 
5.3.3 Effect of Cartilage Wear Particle Attachment to Synovium on Friction Properties 
 
 Attachment of CWP to synovial explants was confirmed via confocal imaging of 
fluorescent dye-loaded particles and synovium after 5 days of culture. Incorporation of the CWP 
into the synovial intima itself was observed, evidenced by migration of resident synoviocytes onto 
the surface of the wear particles (Figure 5.10). 
Figure 5.10   Side-view of confocal z-stack of cartilage wear particle (green) incorporated into surface of 
the synovium explant by synoviocytes (red) migrated onto surface particle. 
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 Attachment of CWP to the synovium after treatment with the ‘large’ particle dispersion 
generated directly by grinding of cartilage explants resulted in an order of magnitude significant 
increase in equilibrium friction coefficient, from 0.013 ± 0.006 in untreated controls to 0.24 ± 0.27, 
when tested in ‘worst case’ conditions of low load (25 kPa) in PBS against a glass counterface 
(Figure 5.11, p < 0.05). 
 Treatment of synovium with a characterized dispersion of smaller CWP (average diameter 
of 22 µm) also demonstrated a significant increase in equilibrium friction coefficient, even when 
tested in 50% synovial fluid diluted in PBS to mimic a lubrication more physiologic to the OA 
environment, and against biologically relevant counterfaces. For friction testing at the physiologic 
contact pressure of 25 kPa against a cartilage counter face, this CWP treatment significantly 
increased friction coefficient, though not to the extent of the larger CWP, from 0.011 ± 0.002 in 
untreated controls to 0.016 ± 0.002 (Figure 5.12, p < 0.05). A similar significant increase was 
observed in the same conditions with a synovium counterface that was also CWP-treated, from 
0.014 ± 0.0015 in untreated controls to 0.02 ± 0.005 (Figure 5.13, p < 0.05). 
Figure 5.11   Mean equilibrium friction coefficient for synovium-on-glass testing at 25 kPa in PBS for 
‘large’ CWP-treated synovium, with large significant increase compared to untreated controls (CTL). N = 
9-10 samples/group. *p < 0.05 vs. CTL. 
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Figure 5.12   Mean equilibrium friction coefficient for synovium-on-cartilage testing at 25 kPa in 50% 
synovial fluid (SF) diluted in PBS for ‘small’ CWP-treated synovium, with significant increase compared 




Figure 5.13   Mean equilibrium friction coefficient for synovium-on-synovium testing at 25 kPa in 50% 
synovial fluid (SF) diluted in PBS for ‘small’ CWP-treated synovium, with significant increase compared 
to untreated controls (CTL). N = 6 samples/group. *p < 0.05 vs. CTL. 
 
 
5.3.4 Characterization of Clinically Relevant Explant and Tissue Engineered Synovium 
Models 
  
 To characterize changes to friction coefficient during OA and support the development of 
a mechanically patent tissue-engineered synovium model, the previously measured friction 
coefficients for untreated bovine explants at 25 kPa in PBS were compared with similarly tested 
human OA explants and tissue-engineered synovium developed using bovine and human cell 
sources. Human OA explants had a significantly higher friction coefficient compared to their 
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previously measured juvenile bovine explant counterparts at 0.069 ± 0.045 (Figure 5.14, p < 0.05). 
No significant differences were observed in friction coefficient between the tissue-engineered 
bovine synovium, at 0.089 ± 0.12, and the native bovine synovium. Human tissue-engineered 
synovium had a significantly higher friction coefficient at 0.27 ± 0.03 compared to the human 
explants and both bovine tissues (Figure 5.14, p < 0.05). 
 
Figure 5.14   Mean equilibrium friction coefficient for synovium-on-glass testing at 25 kPa in PBS for 
bovine and human OA explants (Explant), compared with tissue-engineered synovium developed with both 
cell sources at day 14 of culture (TE). N = 3 samples/group. *p < 0.05 vs. indicated group. 
 
5.4 Discussion 
A direct connection between joint motion and synoviocyte functions like lubricant 
production has been demonstrated with in whole-joint in situ models, pointing to a role for 
mechanotransduction in regulation of joint homeostasis (Ingram, Wann et al. 2008). While such 
models are useful for demonstrating the relevance of observations made in vitro to the native case, 
they fail to resolve the respective influence of multiple distinct physical stimuli generated within 
the articulating joint. Work with in vitro models of synoviocytes has demonstrated that distinct 
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physical stimuli such as stretch-induced strain (Momberger, Levick et al. 2005, Momberger, 
Levick et al. 2006) and fluid-induced shear stress (Yanagida-Suekawa, Tanimoto et al. 2013) can 
modulate downstream functions like lubricant production. The present work demonstrates for the 
first time that contact shear stresses induced by the frictional interaction between tissues during 
joint motion is a relevant physical stimulus for synoviocyte function. While only a slight and 
nonsignificant increase in secretion of the lubricant hyaluronan was observed, the significant 
increase in metabolic activity indicates that other release products or cellular functions maybe be 
influence by exposure to contact shear (Figure 5.7). Future work will continue to work with the 
custom bioreactor design developed here to further elucidate the response of synovium to a range 
of magnitudes of contact shear stress. 
 Contact-induced shear stress involves the interaction of tissue surface on the macroscopic 
level, as well as the function of resident cells within the tissue, and so mechanical properties such 
as friction coefficient are of interest in understanding the impact of this physical stimulus on the 
synovium. Here we report low friction coefficients for synovium against glass that agree with 
values previously reported in the limited work on synovium tribology to date (Radin, Paul et al. 
1971, Cooke, Downson et al. 1976). The initial characterization of synovium-on-glass friction 
provide here (Figure 5.9) also sheds new light on the relative contribution of lubrication modes as 
investigated first by Radin et al. and then by Cooke et al.. The former observed no change in 
friction coefficient with increasing load, indicating that boundary lubrication was the dominant 
mode based on the Sommerfeld analysis of lubrication modes (Cooke, Downson et al. 1976), while 
the latter observed a decrease in friction coefficient with both increasing load and decreasing 
sliding speed, indicating hydrodynamic lubrication. The increase in friction coefficient observed 
in the present study for increased load at constant sliding speed and viscosity (consistent across 
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both PBS and SF viscosities) instead indicates a mix of the two modes. As each study has relied 
on a different custom device and slightly differing test conditions, further work is required to fully 
elucidate the modes of synovium lubrication. 
The low friction coefficients reported for the synovium here are similar to the other tissues 
within the joint that have been previously characterized such as cartilage (Krishnan, Caligaris et 
al. 2004). At higher loads the synovium demonstrated a time-dependence of friction coefficient 
(Figure 5.8) this was reminiscent of similar experiments with non-migrating contact in cartilage 
(Caligaris and Ateshian 2008), pointing to the role of fluid-pressurization in supporting an low 
initial friction coefficient. The present study reports for the first time friction properties of the 
synovium in testing conditions that mimic native interactions with underlying tissue of the joint, 
either with cartilage, or in areas where the capsule folds on itself, with other synovium (Figures 
5.12 and 5.13). As expected these physiologic friction coefficients were lower than valued reported 
here and previously for testing against glass (Radin, Paul et al. 1971, Cooke, Downson et al. 1976). 
Wear particles ranging in size of up to hundreds of microns in diameter have been observed 
in clinical synovial fluid samples and attached to the synovium itself (Lloyd Roberts 1953). Due 
to the macroscopic nature of this interaction and the potential effect of tissue surface topography, 
the effect of CWP on synovium friction properties was investigated. The ideal low-friction 
properties observed for the synovium in normal testing conditions were deleteriously altered by 
treatment with cartilage wear particles, marked by a significant increase in friction coefficient. 
This increase was particularly dramatic in synovium treated with a distribution of ‘large’ cartilage 
wear particles generated directly from grinding cartilage explants, when tested in the worst-case 
scenario of a glass counterface in PBS to determine the true friction properties of the synovium 
sample itself (Figure 5.11). The larger particles and aggregates present in this suspension may be 
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indicative of cartilage wear as it first occurs, with large pieces of fibrillated cartilage breaking off 
the surface and released into the synovial fluid. Further mechanical wear as well as enzymatic 
digestion generates smaller particles that have been observed in clinical samples of synovial fluid 
(Kuster, Podsiadlo et al. 1998). In the present study we demonstrate that even small wear particles 
with an average diameter of 22 µm can negatively affect synovium friction properties when tested 
against biological counterfaces such as cartilage (Figure 5.12) and synovium (Figure 5.13), in a 
dilution of synovial fluid that is representative of the lowered lubricating properties found in the 
OA environment (Szychlinska, Leonardi et al. 2016). In both cases, an increase in friction 
coefficient could mean increased tissue wear over long-term loading, and increased mechanical 
stresses transmitted to the synoviocytes within the tissue. 
In support of current efforts to develop a tissue-engineered model to better study changes 
to the synovium in the OA environment and its contribution to disease progression (Stefani, Halder 
et al. 2018), this study employed the custom friction testing device to characterize the friction 
coefficients of both bovine and OA human tissue engineered synovium to their native counterparts 
(Figure 5.14). Tissue-engineered synovium in both species demonstrated relatively low friction 
coefficients, though higher than that of explant tissues. The lack of a significant different between 
explant and tissue-engineered bovine synovium points toward a recapitulation of native properties 
in the latter. Further optimization of culture conditions for the less metabolically active diseased 
adult synoviocytes may be required to achieve more native properties in the human model. The 
ability to mechanically test tissue-engineered samples for properties like friction coefficient will 
be an important tool in future work to develop a more native-like synovium model. 
 Together the results of the present study advance the knowledge of synovium 
tribology while also demonstrating that this loading scenario is a relevant physical stimulus for 
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synoviocyte mechanotransduction. Future work will continue to develop custom testing and 
culture devices to further explore the link between changing tissue-level properties and cell-level 
function in the OA environment. 
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Chapter 6 
Conclusions and Future Directions 
 The work presented in this dissertation seeks to contribute to the understanding of the role 
that mechanotransduction in the synovium plays in both normal joint function and the progression 
of degenerative diseases like osteoarthritis. Within the complex and multifaceted processes that 
describe cellular mechanotransduction, we sought to identify distinct modes of shear stress that 
would be generated in the joint during daily activity and demonstrate their relevance as effectors 
of synoviocyte function in terms of both upstream signaling responses and downstream changes 
to biosynthesis. To this end we focused first on the calcium signaling response of FLS, the 
predominant cell type of the synovium, to fluid-induced shear stress. This physical stimulus has 
been widely implicated in mechanotransduction of cell types throughout the body that are exposed 
to a fluid environment (Mohtai, Gupta et al. 1996, Hung, Allen et al. 1997, Ando, Komatsuda et 
al. 1998, Eifler, Blough et al. 2006, Shi and Tarbell 2011, Wang, Guan et al. 2013, Scheitlin, Julian 
et al. 2016, Fukada, Sakajiri et al. 2017, Spasic and Jacobs 2017). Fluid shear stress can be applied 
in a defined manner in combination with imaging techniques that allow for real-time tracking of 
cellular response. Utilizing such methods in Specific Aim 1a, we demonstrated for the first time 
that FLS are highly sensitive to fluid shear stress, mounting a robust calcium response that is dose-
dependent down to very low magnitudes, and relies on both internal and external calcium stores 
(Chapter 2). 
 Starting with this foundational characterization of FLS mechanosensitivity to fluid 
shear we then investigated the general hypothesis that key factors of the osteoarthritic environment 
modulate normal mechanotransduction. In addressing Specific Aims 1b-c of Hypothesis 1 we first 
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investigated the effect of interleukin-1 (IL-1), a potent chemical mediator that is commonly studied 
in the pathophysiology of OA, on FLS mechanosensitivity to fluid shear. Here we demonstrated 
for the first time that this cytokine significantly enhances the calcium signaling response of FLS 
to fluid shear. Importantly, a bi-modal regulation of FLS lubricant production by fluid shear was 
demonstrated by Yanagida et al., where moderate shear magnitudes increased hyaluronan and 
lubricin production, while higher magnitudes resulted in decreased secretion. These results suggest 
a potential connection between heightened sensitivity to fluid shear cause by cytokine exposure, 
and decreased lubricant secretion observed in OA. 
By identifying key mechanisms of mechanotransduction as potentiators of the effect of IL-
1 on sensitivity to fluid shear, the present work provides examples of potential strategies for 
restoring normal mechanosensitivity, such as manipulation of primary cilia length (Ou, Ruan et al. 
2009, Besschetnova, Kolpakova-Hart et al. 2010) and gap junctional communication (Alves, Nihei 
et al. 2000, Kurtenbach, Kurtenbach et al. 2014). In addition to the roles of gap junction 
communication and primary cilia, future work will explore other putative mechanisms of 
mechanosensing that may apply to FLS. Specifically, the glycocalyx has been shown to play a role 
in mechanosensing of smooth muscle cells and fibroblasts of the vascular system (Ainslie, 
Garanich et al. 2005, Tarbell and Pahakis 2006, Shi and Tarbell 2011), and may be a relevant 
mechanism in the synovium during OA as changes occur to the interstitial matrix.  
 As the relative ratio of FLS in the synovium has been shown to decrease in parallel with 
an increase in macrophage-like synoviocytes in OA, and specifically by IL-1 treatment in our own 
work (Stefani, Halder et al. 2018), the final aspect of upstream signaling investigated in Specific 
Aims 1b-c was the response of FLS/MLS cocultures to fluid shear and the effect of increasing 
MLS ratio thereupon. Interestingly, we found that MLS themselves display an even higher 
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sensitivity to fluid shear than FLS. While this enhanced the population-level upstream response of 
cocultures to fluid shear, the differences in resulting downstream function between FLS and MLS 
will be explored in future work to determine the net effect on the osteoarthritic synovium 
contribution to disease state. FLS are known to be the predominant producers of lubricating 
molecules, while MLS are more known to secrete pro-inflammatory cytokines and degradative 
enzymes. If both downstream functions are regulated in part by mechanotransduction of fluid shear 
as we hypothesize, an increase in mechanosensitivity to this stimulus would result in both 
decreased lubrication and increased inflammation and degradation, thereby accelerating the 
disease state.  
 The work presented in addressing Specific Aim 1d sought to initially characterize these 
downstream effects of fluid shear mechanotransduction, starting in the in vitro FLS model and 
then confirming these results in native bovine explants. Overall these results demonstrated that 
fluid shear does modulate downstream function in FLS, particularly by increasing HA secretion in 
bovine explants. Future work will continue to develop custom loading culture devices to 
characterize this effect across a wider range of shear magnitudes and perform experiments with 
calcium-free media and specific blockers of known pathways of mechanotransduction to elucidate 
the connection between upstream response to fluid shear and modulation of downstream function. 
 In Hypothesis 2, we moved our focus from IL-1 to investigate the effect on 
mechanotransduction of a less widely studied factor in OA physiology: cartilage wear particles. In 
addressing Specific Aim 2a we sought first to demonstrate that this physical factor of the OA 
environment effects the previously characterized calcium signaling response to fluid shear of FLS. 
Interestingly, CWP treatment showed the opposite effect as IL-1, decreasing the response to fluid 
shear as well as intercellular communication, demonstrating a potential mechanism for this effect. 
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Future work will continue to characterize the effect of CWP on both upstream and downstream 
aspects of mechanotransduction, in combination with cytokine treatments to determine the 
respective influence of these different factors. 
 In addressing Specific Aims b-d we sought to demonstrate the relevance of a different 
mode of shear stress presented to synoviocytes during joint articulation in addition to fluid-induced 
shear stress. This line of investigation was motivated by CWP presenting a uniquely macroscopic 
factor that modulates synovium surface topography at the tissue level. In areas of the articulating 
joint where the fluid-filled gap between apposing tissues approaches zero as tissues slide in direct 
contact with each other and experience normal loads from the contracting muscles around the joint, 
shear stresses may be generated on the scale of the higher orders of magnitude estimated for fluid-
induced shear stress. An initial effort to measure these contact pressures directly in the bovine calf 
knee joint resulted in a value of 25 kPa, in comparison to the 0.05 Pa that we have shown FLS are 
highly sensitive to when induced by fluid shear.  
As the levels of shear stress in the synovium generated by direct contact are currently 
undefined other than by these preliminary in situ measurements in our hands, the work presented 
in this dissertation focused first on fluid-induced shear that may arise from relative flow of viscous 
synovial fluid over the synovial lining. Future modeling work leveraging the experience in FEBio 
held by our team will seek to more fully define the relative magnitudes of shear stress generated 
by both fluid flow and direct contact in parallel with exploring the mechanotransduction of these 
different regimes in mode and magnitude of shear stress. 
 While real-time imaging of cellular response under sliding contact was not currently 
possible with current imaging equipment, the research detailed in Specific Aim 1b sought to 
establish the relevance of this higher magnitude shear stress to FLS mechanotransduction by 
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developing a novel bioreactor for loading synovium explants under sliding contact with cartilage. 
While the results did not demonstrate a direct regulation of lubricant secretion as was originally 
hypothesized, the significant increase of metabolic activity is a key indicator that some yet to be 
determined downstream function was modulated by contact shear. Future work will continue to 
develop this bioreactor to further characterize the downstream effects of culture in contact shear. 
Work by others has demonstrated the feasibility of imaging the calcium signaling of individual 
cells under deformational loading with chondrocytes both in native cartilage (Madden, Han et al. 
2015), and agarose constructs (Pingguan-Murphy, El-Azzeh et al. 2006). Future work will also 
seek to develop a calcium imaging system for tracking the real-time calcium signaling response of 
synoviocytes with the synovium under sliding contact with a glass counterface, utilizing 
customized image analysis software to track individual cells within the moving tissue (Figure 7.1). 
Together these custom systems will facilitate the future study of both upstream and downstream 
aspects of contact shear mechanotransduction in order to characterize the signaling link between 
the two, in parallel to similar efforts with fluid-induced shear stress. 
Figure 6.1   Schematic of contact shear calcium imaging system, utilizing similar synovium platen as the 
friction tester and culture bioreactor designs to slide Fura Red-loaded synovium against a glass counterface. 
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In Specific Aims 2c-d we perform friction measurements of the synovium, as we 
hypothesize such tissue-level mechanical properties effect not only the long-term wear of the tissue 
under continued loading, but the shear stresses transmitted to the synoviocytes within the tissue. 
In characterizing synovium friction coefficients in sliding contact with glass, this work contributes 
to previous efforts to determine the modes of lubrication at play in the tissue (Radin, Paul et al. 
1971, Cooke, Downson et al. 1976), providing evidence that supports a mix between boundary 
and hydrodynamic lubrication. For the first time, we also report synovium friction coefficients 
with biologically relevant counterface materials, in cartilage and the synovium itself. This 
quantification of friction properties, together with ongoing measures of other synovium 
mechanical properties such as tensile modulus will provide valuable inputs for modeling the 
complex geometry of the synovial capsule and estimating the physiologic stress magnitudes 
generated within. 
By demonstrating that CWP have a significant deleterious effect on friction coefficient 
under a range of physiologic treatment and testing conditions, this work demonstrates that factors 
of the OA environment can modulate both tissue-level properties and cell-level 
mechanotransduction. By characterizing the friction properties of both explant and tissue-
engineered synovium, this work provides a key outcome measure in the ongoing effort in our lab 
to develop a tissue-engineered synovium model that recapitulates both the mechanical properties 
and biological behavior of the native synovium. 
In summation, the work described in this dissertation provides novel insights into normal 
synoviocyte mechanotransduction of distinct modes of shear stress and its modulation in the OA 
environment. The results presented here, and the custom culture and testing devices developed in 
their pursuit, provide the groundwork for coupling experimental measurements with 
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computational modeling in order to fully describe the physical environment experienced by the 
synovium in vivo for the first time. As such this work will contribute to future studies than can 
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Appendix A  | Supplementary Results 
 
A.1 Estimation of Physiologic Fluid Shear Stress Magnitude 
Figure 7.1 Diagram for case of fluid shear between parallel plates representing motion of apposing 
synovium surfaces or synovium and cartilage surfaces during joint articulation. 
 
Parameters: h = gap height between tissue surfaces = 0.1-10 µm 
  v = relative sliding speed = 1-10 mm/s 
  µ = viscosity of synovial fluid (shear rate dependent) = 0.01-1 Pa*s (Figure 7.2) 
Figure 7.2   Experimental data demonstrating shear rate dependence of synovial fluid viscosity 
(unpublished data provide by Jay Shim). 
 
Shear rate:    Shear Stress:  




 𝜏 =  𝜇 ∗ 𝛾 
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A.2 Synoviocyte Response to Fluid Shear under Physiologic Conditions 
Calcium Signaling Response to Fluid Shear in situ 
To demonstrate parity of the signaling observed with in vitro FLS with the native joint 
environment, a custom flow chamber was developed for the imaging of FLS within native bovine 
explants exposed to a greater range of fluid shear stress magnitudes than possible with monolayer 
cultures.  
Figure 7.3   Modified parallel plate flow chamber for calcium imaging in live synovium explants. Tissue 
is affixed to end of threaded platen can be advanced to achieve precise flush fit with chamber interior for 
exposure of attached explant to FSS via laminar flow (inset). 
 
Synovium explants were harvested from juvenile bovine joints (N = 6) and maintained in 
serum-free DMEM until imaging experiments were performed. Explants were loaded with Fura 
Red as previously described (Chapter 2.2.2) prior to being laid over a custom threaded platen and 
secured with a silicone gasket. The platen was advanced through a receiving channel in the top of 
a modified parallel plate flow chamber, resulting in a flush synovial surface exposed to the laminar 
flow within (Figure 7.3), and exposed to 10 Pa fluid shear stress in HBSS with 10% FBS. 
111 
 
Figure 7.4. Synoviocytes loaded with Fura Red calcium indicator are clearly visible within explant tissue 
after installation in a custom flow chamber, allowing real-time tracking of [Ca2+]i (a). Representative 
calcium transients for exposure to 10 Pa fluid shear stress initiated at 120 s (b). 
 
 Fura-Red loaded synoviocytes were clearly visible in the intimal layer of bovine synovium 
explants once installed in the custom flow chamber (Figure 7.4a). Representative calcium 
transients showed no autologous calcium signaling during equilibrium as observed in situ (Figure 
7.4b). Response of synoviocytes within the tissue was characterized by an initial wave of 
synchronized peaks as observed in monolayer cultures, but with no delay after flow onset, and 
followed by continued oscillation throughout the duration of FSS application (Figure 7.4b). The 
presence of sustained [Ca2+]i oscillations during FSS application suggests a heightened sensitivity 
and accelerated signaling dynamics in the physiologic conditions applied. Overall these results 
demonstrate that the fluid shear-induced calcium signaling observed in monolayer culture is 
largely recapitulated in the synoviocytes embedded within native synovium. This motivates the 
continued use of monolayer cultures, which allow control over cell population composition as well 
as the use of other techniques employed to investigate specific mechanotransduction mechanisms 
such as imaging of gap junction communication or primary cilia. At the same time the custom flow 
chamber developed allows for continued exploration of calcium signaling in native tissues, which 
can be exposed to higher stress magnitudes. 
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A.3 Cartilage Wear Particles Induce an Inflammatory Response in Human Fibroblast-
like Synoviocytes 




Cartilage Wear Particles Induce an Inflammatory Response in Human Fibroblast-like Synoviocytes 
Eben G. Estell, M.S.1, Amy M. Silverstein, Ph.D.1, Robert M. Stefani, M.S.1, Andy J. Lee, B.E.1, Lance A. Murphy, 
B.S.1, Roshan P. Shah, M.D., J.D.2, Gerard A. Ateshian, Ph.D.1, Clark T. Hung, Ph.D.1* 
 
1Columbia University, Department of Biomedical Engineering, New York, NY 
2Columbia University, Department of Orthopedic Surgery, New York, NY 
 
*Corresponding Author: Clark T. Hung 
351 Engineering Terrace 
1210 Amsterdam Avenue, Mail Code: 8904  
New York, NY 10027 
Phone: +1 212-854-6542 Fax: +1 212-854-8725 Email: cth6@columbia.edu 
 
Submitted for publication as a full-length research article 
 






Objective. The synovium plays a key role in the development of osteoarthritis (OA), as evidenced by pathological 
changes to the tissue observed in both early and late stages of the disease. One such change is the attachment of 
cartilage wear particles (CWP) to the synovial intima. While this phenomenon has been well observed clinically, little 
is known of the biological effects that such particles have on resident cells in the synovium. This work investigates 
the hypothesis that CWP elicit a pro-inflammatory response in diseased and healthy human fibroblast-like 
synoviocytes (FLS) that is similar to that induced by key cytokines found in OA. Design. FLS monolayers from 15 
osteoarthritic human donors and a subset of 3 healthy donors were exposed to CWP, interleukin-1α (IL), or tumor 
necrosis factor-α (TNF) for 6 days and analyzed for proliferation, matrix production, and release of pro-inflammatory 
mediators and degradative enzymes. Results. CWP significantly increased proliferation and release of nitric oxide, 
interleukin-6 and -8, and matrix metalloproteinase-9, -10, and -13 in OA FLS, mirroring the effects of IL and TNF, 
with similar trends in healthy FLS. Conclusions. This work elucidates the role of CWP in the progression of OA, 
demonstrating the ability of this physical mediator to perpetuate the pro-inflammatory and pro-degradative 
environment by modulating synoviocyte behavior at early and late stages of the disease, and points to therapeutic 
strategies that target cell-particle interactions. 
Keywords 
Fibroblast-like Synoviocyte, Synovium, Cartilage Wear Particles, Inflammation, Osteoarthritis 
Introduction 
Synovitis is commonly observed in early and late stage osteoarthritis (OA), indicating that the synovium may play a 
key role in disease progression1. In the inflamed synovium, resident fibroblast-like and macrophage-like synoviocytes 
(FLS and MLS) release pro-inflammatory factors that further stimulate synoviocyte and chondrocyte production of 
cytokines and degradative enzymes, leading to cartilage degeneration. Histological changes to the synovium include 
a pannus-like thickening and increased cellularity, and patients with even mild synovitis can experience pain and 
stiffness caused by fibrotic shortening1,2. Given that changes to the synovial lining precede cartilage damage3, it is 
important to understand the role that different pro-inflammatory mediators have on the synovium at early and late 
stages of the disease. In addition to changes in tissue composition, surgeons have observed cartilage particles attached 
to and embedded within the synovium4. 
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Cartilage wear particles (CWP) are generated by mechanical and chemical degradation of the articulating 
cartilage surfaces in the OA environment, and released into the surrounding synovial fluid. Trauma to the synovial 
joint such as meniscal tear, ligament ruptures, or cartilage trauma can also disrupt the overall biomechanics of the 
knee joint, increasing instability and surface roughness while releasing cartilaginous debris2,5. Studies of extracted 
synovial fluid from healthy and osteoarthritic human knees have observed changes in cartilage particle number and 
physical descriptors such as size and roughness correlated with grade of disease6,7. In lapine, canine, and equine in 
vivo studies, injection of cartilage particles into the knee joint led to rapid development of synovitis followed by 
gradual onset of fibrotic synovium thickening and decreased cartilage thickness, similar to traditional animal models 
of OA such as ACL transection or meniscal release8–10. Our group has also demonstrated that CWP stimulate 
proteinase activity, cellular proliferation, collagen synthesis, and nitric oxide production in bovine FLS monolayer 
cultures11,12. 
As FLS are the predominant cell type in healthy synovium, it is important to understand their contribution in 
the release of degradative factors that precipitate the development of OA. Most work studying the response of FLS to 
inflammatory stimuli has been done using rheumatoid arthritis (RA) or OA FLS and has focused on chemical 
mediators such pro-inflammatory cytokines. In response to interleukin-1α (IL), diseased FLS have been shown to 
increase synthesis of lubricant molecules, cytokines, chemokines, and matrix metalloproteinases (MMPs)13,14. The 
current work compares the effect of both chemical (cytokine) and physical (CWP) mediators on FLS from diseased 
and healthy donors. OA FLS provide insight into how phenotypic shift during disease progression influences the 
response to additional stimuli in later stages of OA. The results presented here address the hypothesis that CWP 
produce a similar pro-inflammatory and pro-degradative response in OA FLS compared to those of key cytokines 
associated with OA. A subset of similarly treated FLS from healthy donors were analyzed to address the secondary 
hypothesis that CWP are also a relevant pathological stimulus for synoviocytes at the onset of disease. It is anticipated 
that by identifying CWP as a relevant pathogenic factor in OA, this work will motivate further research of this aspect 







Cartilage Wear Particle Dosing. The treatment dosage of cartilage wear particles (CWP) was optimized 
prior to comparison with cytokines. Concentrations of up to 500 CWP per cell were cultured for 6 days with confluent 
FLS monolayers isolated from 4 different OA donors to determine a dosage that would result in a measurable cell 
response. Using the MTT assay, the lowest particle dose that significantly increased metabolic activity was identified 
for each donor.  From these results, 250 CWP per cell was selected for future experiments to ensure that as many 
donors as possible responded to the treatment. FLS from 15 OA donors were then treated for 6 days with 10 ng/mL 
interleukin-1α (IL), 10 ng/mL tumor necrosis factor-α (TNF), or 250 CWP. A subset of available healthy donors was 
treated and analyzed in parallel for comparison to diseased FLS. 
Isolation and Expansion of Human FLS. Human synovial tissues were obtained from the medial and lateral 
femoral condyles of 15 patients with OA (9 female and 6 male of mean age 69 ± 10.6 years old and 83% grade 4 OA) 
during total knee arthroplasty (IRB AAAQ2703). Individual patient age, gender, and grade of OA, indicated as ‘age-
gender-grade’, was as follows: 68-F-4, 65-M-4, 78-M-4, 74-F-4, 86-M-4, 56-F-4, 63-F-4, 80-M-4, 60-F-4, 69-F-3, 
60-F-4, 47-M-3, 79-F-4, 66-M-4, 78-F-4. Healthy synovial tissue was obtained from the synovial plica of one patient 
undergoing arthroscopic surgery to repair a torn ACL (18-M-0) and from a patient undergoing total hip arthroplasty 
after fracture (88-F-0) (IRB AAAQ2703). An additional healthy donor cell line (38-M-0) was purchased from Cell 
Applications Inc. (San Diego, CA). Within a few hours of retrieval, synovium was digested in collagenase type II 
(Worthington Biochemical Corporation, Lakewood, NJ) for 2-3 hours with shaking at 37°C. Resulting cell 
suspensions were filtered through 40 μm porous nylon mesh (Corning Inc, Corning, NY). Viable cells were counted 
and plated at 2.64×103 cells/cm2. Cells were expanded in α-Minimum Essential Medium (α-MEM, Life Technologies, 
Carlsbad, CA) containing 10% FBS, 1% antibiotic-antimycotic and 5 ng/mL fibroblast growth factor-2 (FGF-2, Life 
Technologies)15 to obtain a homogenous FLS population of sufficient quantity. To create dense synovial monolayers, 
FLS at passage 3 were plated at 1.25×104 cell/cm2 and cultured as previously described11. Flow cytometry was 
performed as previously described16 to confirm that isolated cells maintained the characteristic FLS phenotype. 
Cartilage Wear Particle Preparation and Characterization. Expired cartilage tissue grafts were obtained 
from the Musculoskeletal Transplant Foundation (Edison, NJ) and stored at 4 °C until use.  As described previously11, 
cartilage samples were submerged in sterile PBS and manually abraded with waterproof 120 grit sandpaper 
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(McMaster-Carr, Elmhurst, IL). Effort was made to ensure that no bone was abraded during the process, and residual 
sandpaper grit was removed gravimetrically and via subsequent filtration with 70 μm, 40 μm, and 10 μm porous nylon 
mesh filters to achieve a pure dispersion of sub-10 μm diameter CWP. An aliquot of the resulting solution was diluted 
in PBS and counted and sized using a Multisizer 4 Coulter Counter (Beckman Coulter, Brea, CA)17. For particle 
dosage optimization, metabolic activity was assessed using the MTT assay (Sigma-Aldrich,  St. Louis, MO) as 
previously described11. 
Biochemistry. After 6 days of culture, FLS monolayers and media samples were harvested and stored at -
20°C prior to lyophilization. Monolayers and cartilage particles were digested overnight in 0.5 mg/mL of proteinase 
K (MP Biomedicals, Santa Ana, CA) in 50 mM Tris-buffered saline containing 1 mM EDTA, 1 mM iodoacetamide 
and 10 μg/ml pepstatin A (Sigma-Aldrich)18. DNA content was determine using the PicoGreen Kit (Life 
Technologies). Nitric oxide (NO), hyaluronan (HA) and prostaglandin-E2 (PGE2) released into the media was 
quantified using the Greiss Reagent for nitrite quantification (Life Technologies), Hyaluronan Quantikine ELISA and 
the PGE2 Parameter (R&D Systems Inc., Minneapolis, MN), respectively. For all biochemical measurements on 
particle treated samples, the measured value of an equivalent amount of CWP alone was subtracted out to determine 
the contribution of the FLS alone. All biochemical products were normalized by respective monolayer DNA for 
analysis. 
Luminex Analysis. A 25 µl aliquot was taken from the pooled media of healthy and OA donors from each 
experimental condition and analyzed in duplicate using a Luminex multiplex human cytokine and chemokine 
immunoassay kit (EMD Millipore, St. Louis, MO) for IL-6, IL-8, and MCP-1 or a Luminex multiplex human MMP 
assay kit (R&D Systems) for MMP’s 1, 3, 9, 10, and 13. For xMAP assays, media samples were mixed with anti-
chemokine, anti-cytokine, or anti-MMP monoclonal antibody-charged 5.6 μm polystyrene microspheres.  Following 
overnight incubation at 4 °C, streptavidin-phycoerythrin and then a biotinylated polyclonal secondary antibody was 
added to the samples. The median fluorescence intensity was used to determine the concentration (pg/mL) of each 
chemokine and cytokine. All media release products were normalized by respective monolayer DNA for analysis. 
Statistical Analysis. Data sets were tested for normality and homogeneity using the Kolmogorov-Smirnov 
Test and Levene’s test, respectively (R, version 3.3.2). Non-normal and non-homogeneous data were adjusted using 
a log transformation prior to analysis. For MTT dosage studies, a subset of four donors with four replicates for each 
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particle dose were analyzed separately with a one-way ANOVA and Tukey’s post-hoc test to determine significant 
differences between dose within each donor. For all monolayer and media analyses (DNA, HA, NO, PGE2, 
chemokines, cytokines, and MMPs), n = 7-8 replicates were analyzed and then pooled to generate an average value 
for each donor with a given treatment. OA and healthy donor groups were analyzed separately using a one-way 
ANOVA with Tukey’s post-hoc test to determine significant differences between treatments. All one-way ANOVAs 
were performed as repeated measures to account for variation between donors across treatment groups. Outliers were 
identified by the ROUT method and when identified in one treatment group, used as an exclusion criterion for that 
donor in all groups while maintaining a minimum of 6 donors for a given analysis. For ELISA and Luminex assays, 
the lowest point on the curve was used when samples were below the range of the standard curve for statistical analysis. 
All statistical analyses were performed in GraphPad Prism 7 with α = 0.05 and data reported as the mean ± standard 
deviation. 
Results 
Optimization of Particle Dosage. Human cartilage wear particles generated from allografts as described had an 
average diameter of 0.887 ± 0.004 μm. The first four donors listed above were used for dose optimization to equally 
represent available gender and ages (designated donors A, B, C, and D). Donors A and D showed a significant increase 
in metabolic activity over untreated controls at a minimal concentration of 100 particles per cell (p = 0.014 and 0.0036, 
Figure 1a, d). Donor B had a significant increase over controls at a minimal dosage of 250 particles per cell (p = 
0.0003, Figure 1b), while for Donor C the minimum effective dosage was 50 particles per cell (p = 0.0004, Figure 
1c). A dosage of 250 particles per cell was adopted for subsequent experiments to elicit a response in as many donors 
as possible. 
Cell Proliferation Analysis. CWP treatment significantly increased proliferation in OA FLS versus untreated controls 
(p = 0.001), as quantified by DNA content of the monolayer. DNA was similarly increased with IL and TNF 
treatments, with significance only in the latter (p = 0.0393, Figure 2).  
Media Release Product Analysis. All media release products were normalized by monolayer DNA content for their 
respective groups. Secretion of the key synovial lubricant hyaluronan (HA) by OA FLS was unaffected by CWP 
treatment, but significantly increased by both IL and TNF versus untreated controls (p = 0.0001 and 0.0004) and CWP 
(p = 0.0001 and 0.0004, Figure 3).  
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Release of the pro-inflammatory mediator NO by OA FLS was significantly increased with CWP treatment 
(p =0.0003), and to an even greater degree by IL and TNF, which were significantly higher than controls (p = 0.0001) 
and CWP (p = 0.0007 and 0.0003, Figure 4a). Similarly, while CWP treatment slightly increased release of the pro-
inflammatory mediator PGE2, IL and TNF significantly increased release over both controls (p = 0.0001 and 0.0318) 
and CWP (p = 0.0001 and 0.032). IL treatment demonstrated the greatest effect on PGE2 synthesis, with a significant 
increase over TNF-treated levels as well (p = 0.0031, Figure 4b).  
CWP treatment significantly increased release of both IL-6 and -8 by OA FLS (p = 0.0334 and 0.0285, Figure 
5a, b). IL and TNF significantly increased IL-6 versus both controls (p = 0.001 and 0.0022) and CWP (p = 0.0019 
and 0.0043, Figure 5a). Similarly, IL and TNF significantly increased IL-8 versus both controls (p = 0.0014 and 
0.0013) and CWP (p = 0.0019 and 0.0015, Figure 5b). CWP treatment significantly decreased release of the 
chemokine MCP-1 versus controls (p = 0.0026), while IL and TNF significantly increased release versus controls and 
CWP treatment (p = 0.0006 and 0.0009, Figure 6).  
Expression of multiple isoforms of the degradative enzyme matrix-metalloproteinase (MMP) followed 
similar trends to the pro-inflammatory mediators, with CWP increasing expression moderately over controls while IL 
and TNF treatment resulted in significantly higher increases (Figure 7a-e). CWP treatment resulted in significantly 
increased release of MMP-9, -10, and -13 versus controls (p = 0.0137, 0.0003, and 0.0059). IL significantly increased 
release of MMP-1, -3, -9, -10, and -13 versus controls (p = 0.0012, 0.0002, 0.0426, 0.0001, and 0.0192) and CWP (p 
= 0.0013, 0.0002, 0.0481, 0.0001, and 0.0195). Similarly, TNF significantly increased release of MMP-1, -3, -9, -10, 
and -13 versus controls (p = 0.0003, 0.0283, 0.0361, 0.001 0.018) and CWP (p = 0.0003, 0.0292, 0.0454, 0.0011, 
0.0186). IL was again the more potent cytokine, with significant increases in MMP-1, -3, and -10 versus TNF treatment 
(p = 0.0061, 0.0025, 0.004, Figure 7a-e). 
In FLS from a subset of healthy donors, similar trends to OA FLS were observed for most monolayer and 
media release measurements, though significance was limited by the small number of available donors (p > 0.1). In 
healthy FLS, CWP alone resulted in a slight, though non-significant, increase in DNA compared to controls (Figure 
8a). While there were no significant differences in HA synthesis between treated and untreated healthy FLS, a 
heightened sensitivity of OA FLS to cytokine treatment was suggested by larger fold-increases in HA over controls, 
comparing OA and healthy donor groups for IL (13 vs. 3-fold) and TNF treatments (12 vs. 2-fold) (Figure 8b). Similar 
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though nonsignificant trends were observed in healthy FLS for both NO and PGE2 release (PGE2 shown as 
representative, Figure 8c), and production of cytokines (IL-6 shown as representative, Figure 8d). Similar trends to 
OA FLS were also observed across all isoforms of MMP for healthy donors, while significant differences were 
observed for MMP-1, with IL significantly higher than controls and CWP treatment (p = 0.0017 and 0.0021, Figure 
8e). 
Discussion 
A key role for the synovium in the pathophysiology of OA is indicated by the observation of synovitis in a 
majority of OA patients even at the earliest stages of disease and often preceding degradation of the articular cartilage 
itself. FLS, the primary resident cell type of synovium, play a key role in the regulation of the joint capsule 
environment in both healthy and OA joints1,3. The generation and release of CWP into the synovial fluid and their 
attachment to the synovial intima during OA has been well documented4,6,7. However, unlike chemical mediators 
commonly associated with the disease such as pro-inflammatory cytokines, the cellular response to this physical factor 
of the OA environment has not been widely studied. The present work characterizes the effect of CWP on FLS 
production of key pro-inflammatory mediators and degradative enzymes. Treatment of FLS monolayers with CWP 
was demonstrated to increase proliferation and release of pro-inflammatory mediators, chemokines, cytokines, and 
MMPs. These results together confirm the hypothesis that cartilage wear particles are a relevant pathologic mediator 
that elicit a pro-inflammatory response in diseased FLS similar to that of cytokines known to contribute to the 
degradative cascade in the OA environment. 
While many studies have characterized the shape and mechanical properties of CWP as they correlate to 
stage of OA6,7,19, the physiologic concentration of particles in OA synovial fluid and those accumulated on the synovial 
intima is unknown. In the present work a maximum dosage of 500 particles per cell was selected to represent a 
supraphysiologic concentration that would elicit a timely and measurable response in in vitro culture, in keeping with 
similar practices when studying cytokines like interleukin20–22. Considering estimations of the volume of articular 
cartilage present in the human knee23, the dosage of 250 particles per cell selected for subsequent studies represents 
only 0.001% of this total volume being applied to a single monolayer. Given the levels of cartilage degeneration 
observed in late stage OA, which can progress through the full thickness of the tissue and expose underlying bone, 
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this amount of the total cartilage could feasibly be converted to wear particles and accumulate on an area of the 
synovial intima that corresponds to the cellularity of the monolayers cultured in this study. 
Similar to previous findings by our group in juvenile bovine FLS11, human OA FLS demonstrated increased 
proliferation in response to cartilage wear particles as well as TNF (Figure 2). While most papers report increases in 
proliferation with both IL and TNF, this effect may be dependent on both donor and culture conditions of the specific 
disease model employed. Studies reporting increases in FLS proliferation with IL are typically derived from OA or 
RA donors with pooled cell sources that are plated at low density24,25, while those observing a mixed response have 
used FLS from non-arthritic patients26. Additionally, while the presence of serum in the media is more representative 
of the mix of proteins and growth factors (e.g. TGF-β, insulin-like growth factor and fibroblast growth factor) present 
in synovial fluid27,28, it may have played a role in magnifying these effects29. 
 Our previous work in the juvenile bovine model has demonstrated that IL and TNF treatments increase FLS 
synthesis of hyaluronan (HA), a key lubricating component of synovial fluid11, while others have shown that IL 
stimulates HA production in FLS from healthy human donors26. The present study confirms this result in healthy and 
OA human FLS and demonstrates a trend of higher cytokine-induced HA release with in the latter (Figure 3, Figure 
8b), suggesting a heightened sensitivity to cytokines with disease state. In addition to considering the quantity of HA 
synthesized, the structure of HA found in early and late stage OA may be altered due to production of shorter-chain 
molecules by FLS or degradation once released into the synovial fluid13,30. 
NO is a catabolic factor produced by FLS that is upregulated in OA, promotes cartilage degradation and 
inflammation, and is indicative of increased matrix turnover and upregulation of MMPs31. In low grade synovitis, both 
NO and PGE2 contribute to the inflammatory cascade and stimulate FLS and chondrocytes to synthesize MMP-1, 3, 
9, and 1332. In OA, NO synthesized by FLS can inhibit aggrecan and collagen synthesis by chondrocytes33. While 
CWP treatment significantly increased NO release from OA FLS (Figure 4a), cytokine treatment led to larger 
significant increases in both NO and PGE2 release. IL was shown to be the more potent modulator of PGE2, with a 
significant increase over TNF-induced levels (Figure 4b). Similar trends were observed in healthy FLS, though 
increases over untreated controls were higher in OA FLS, suggesting an increased sensitivity to pro-inflammatory 
mediators with disease state (Figure 8c). 
121 
 
IL-6 and IL-8 are upregulated in both early and late stage OA, and the concentrations of both cytokines 
correlate with disease stage34 and patient pain35. IL-6 is synthesized by immune cells, endothelial cells, and FLS and 
is believed to stimulate MMP production in both FLS and chondrocytes36. IL-8, which can be produced by immune 
cells, FLS, and chondrocytes, is a neutrophil chemoattractant that is responsible for increases in MMP-13 as well as 
the accumulation of neutrophils in the synovium37. In human synovial fluid, elevated levels of IL-6 and IL-8 have also 
been correlated with the size, adhesion and roughness of cartilage wear particles19. In the present culture model, IL-6 
and IL-8 were elevated in untreated OA FLS compared to healthy FLS, mimicking the native synovial environment. 
In OA FLS, while both cytokine treatments (IL and TNF) resulted in much larger increases, cartilage wear particles 
were also capable of significantly increasing synthesis of both IL-6 and IL-8 (Figure 5), with similar but non-
significant trends observed in healthy FLS (Figure 8d).  
Another biomarker of late stage OA, monocyte chemoattractant protein-1 (MCP1), is synthesized by a variety 
of cells including chondrocytes, monocytes, macrophages, and FLS12,38. OA chondrocytes have higher baseline 
expression of MCP-1 compared to healthy chondrocytes and their secretion of MCP-1 is further increased by IL39,40. 
However, expression of MCP-1 by FLS has not been well characterized. Here, a slight but significant decrease in 
MCP-1 release from OA FLS was observed with CWP treatment, while both IL and TNF treatment induced significant 
increases (Figure 6). This result is the only instance where the FLS response to CWP and cytokines differed and will 
need to be investigated further to fully characterize the effect of CWP in comparison to chemical mediators of OA. 
Multiple isoforms of matrix-metalloproteinase (MMP) have been identified as potential biomarkers of 
synovial inflammation in both early and late stage OA, namely MMP-1, 3, 9, 10, and 13. Elevated serum and synovial 
fluid concentrations of MMP-1 and 3, which target collagen and proteoglycans, have been measured in all stages of 
OA. Differences in synovial fluid MMP-9 and -13, which target collagen type II and IV, have also been reported 
between OA patients and healthy volunteers41. Expression of MMP-10, which degrades proteoglycans and collagen, 
is also increased in OA synovium and cartilage tissue42. Both cytokine treatments induced significant increases in 
expression of all MMPs compared to untreated and CWP-treated FLS in OA donors, while CWP treatment 
significantly increased MMP-9, -10, and 13. IL was again demonstrated as the more potent cytokine, with significant 
increases compared to TNF treatment for MMP-1, -3, and -10 (Figure 7). Similar trends were observed across all 
MMPs in healthy FLS, with significant increases were observed with IL and CWP for MMP-1 alone (Figure 8e). 
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While cytokine treatment resulted in larger-fold increases of all release products analyzed, the ability of CWP 
to significantly modulate many of these same products over control values demonstrates its role as a pathologic 
mediator to FLS in the OA environment. In healthy FLS, though statistical power in comparing between treatment 
groups and with similarly-treated OA FLS was restricted by limited donor availability, the observation of similar 
trends across all release products analyzed supports the secondary hypothesis that CWP also act as a pathogenic 
mediator to FLS at the onset of disease, or after acute injury, when cartilage wear particles are first present in the 
synovial fluid. Further investigation with a wider collection of healthy donors will be performed to more fully elucidate 
the impact of both chemical and physical mediators on FLS that are representative of early versus late stage OA. 
The present work employed a biomimetic culture model that allowed for the evaluation of isolated cell types 
from the synovium of healthy and diseased human donors, and the comparison of their response to key pro-
inflammatory mediators found in the native disease environment. FLS alone were studied first, as they are the primary 
resident cell type of the synovium, and to isolate the role these cells play in synovial inflammation and the release of 
degradative factors. The results presented support a key role for FLS by demonstrating that this monoculture model 
recapitulates the release of pro-inflammatory products observed in OA in the absence of the immune cells found in 
the native arthritic environment43,44. This simple in vitro model allows for addition of complexity beyond donor disease 
state and exposure to a variety of chemical and physical inflammatory mediators. Future work will include other 
isolated cell types such as MLS, which have a more phagocytic role and thus may interact differently with cartilage 
wear particles of small size. Our group has shown in bovine FLS that small cartilage wear particles are both 
phagocytosed and attach to the cell surface11. Integrin engagement may be a key mechanism of this interaction between 
synoviocytes and small particles as well as larger particles that cannot be phagocytosed11,45–47. While this study focused 
on relatively small wear particles, future work will investigate FLS and MLS response to a wider range of particle 
size, as such particle physical characteristics have been correlated to disease progression6,7,19 and may therefore further 
elucidate the contribution of cellular response to CWP at different stages of OA. By demonstrating the role of cartilage 
wear particles as a pro-inflammatory mediator of FLS behavior, this work motivates further study into the mechanisms 
of interaction between synoviocytes and particles. Such work will further the understanding of the role of CWP in OA 
pathophysiology, and point towards therapeutic interventions that disrupt these mechanisms and restore normal 
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DiI   1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindocarbocyanine Perchlorate 
DMEM Dulbecco’s Modified Eagle’s Medium 
DNA   Deoxyribonucleic Acid 
DTAF  dichlorotriazinylaminofluorescein 
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FGF  fibroblast growth factor 
FLS  fibroblast-like synoviocyte 
HA  hyaluronan 
HBSS  Hank’s Buffered Salt Solution 
HSD   Honest Significant Difference 
IL  interleukin 
ITS   Insulin-Transferrin-Selenium 
MLS  macrophage-like synoviocyte  
MMP  matrix metalloproteinase 
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OA  osteoarthritis 
PBS   Phosphate Buffered Saline 
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TNF  tumor necrosis factor 
 
